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LITHOLOGY OF THE LIMESTONES AT LEGRAND, IOWA 


RALPH W. LAWSON 
University of Wisconsin, Madison, Wisconsin 


ABSTRACT 


The results of studies of thin-sections, insoluble residues, and dolomite-calcite ratios of the 
limestones at LeGrand, Iowa, are presented graphically. Though the section studied at Le- 
Grand consists entirely of limestone and dolomite, with associated cherts, there seems to be a 


five-fold cyclic repetition of beds. 


INTRODUCTION 


The limestone beds at LeGrand, Mar- 
shall County, Iowa, are famous for the 
abundance of excellently preserved cri- 
noids found in them. These limestones, 
locally termed the ‘‘LeGrand beds,’’ com- 
prise parts of two formations of Kinder- 
hookian age. The basal 18 feet is the 
Chapin oolite, and the remainder of the 
section is a part of the Hampton forma- 
tion. A number of workers have decribed 
and listed the fossils from these beds. 
Laudon (1931) zoned the beds on the 
basis of faunal assemblages and described 
the general lithologic character of the 
paleontological zones. 

The purpose of this investigation was 
to make a detailed lithologic study of the 
“LeGrand beds.” The macrolithology of 
each bed was described and samples were 
taken about one foot apart from top to 
bottom of the 70 foot quarry face. Chert 
horizons were accurately located in the 
section by measurement, but the chert it- 
self was not studied. 

Figure 1 is a graphical representation 
of most of the pertinent data and serves 
as a basis for the discussion below. Com- 
plete descriptions of the microlithologies 
of individual beds may be found in the 
original thesis, on file in the Iowa State 
College library. 
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PROCEDURE 


The laboratory work was threefold; 
the study of thin-sections, the analysis of 
insoluble residues, and the determination 
of calcite-dolomite ratios. The vertical 
distribution of samples used for each of 
these studies has been plotted against the 
geologic column in figure 1. 


Thin-sections 


The thin-sections are thought to be 
representative of the various lithologic 
types. Data obtained from these sections 
include texture, relative abundance of 
calcite types, and the relationship be- 
tween various minerals. An improved 
Wentworth recording micrometer was 
used to determine the relative abundance 
of the several constituents. 

Several types of calcite are recognized 
in thin-section. Fossil, clastic, and recrys- 
tallized calcite have been differentiated 
as distinct types, and have been plotted 
as per cent total calcite against the geo- 
logic column in figure 1. The calcite of 
ooliths, which may be a type in itself, has 
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been plotted with the clastic calcite. The 
nuclei of ooliths were recorded as fossil or 
recrystallized calcite if recognizable as 
such. A possible fifth type of calcite is 
found as a secondary growth about fossil 
fragments. It is clean homogeneous cal- 
cite in crystallographic continuity with 
the fossil calcite. This type is similar to 
the recrystallized calcite and it has been 
recorded with the recrystallized calcite 
for the purpose of plotting percentages. 

“Clastic calcite,’’ as used here, refers to 
small dirty anhedral grains and does not, 
necessarily, indicate the origin of such 
calcite (Alling, 1946). The term is proba- 
bly a misnomer, and is used as a type 
name for lack of something more appro- 
priate. 

Residues 


The insoluble residues were studied un- 
der a binocular microscope, and described 
in the terminology suggested by H. A. 
Ireland and others (1947). The quantity 
of residue has been plotted as per cent 
total rock in figure 1. The shading repre- 
sents the principal non-argillaceous resi- 
due of each bed. The term “argillaceous,” 
as used here, refers to all residue less 
than about 0.018 mm in diameter. In the 
Alling grade scale 0.018 mm is the bound- 
ary between fine silt and very fine silt, 
so that very fine silt has been included in 
the argillaceous fraction. The argilla- 
ceous residue has not been subdivided 
further or identified in this study. The 
term ‘‘arenaceous’’ is used to denote 
land-derived material greater than 0.018 
mm in diameter. Most of the important 
residue constituents are represented qual- 
itatively in the column headed ‘‘Resi- 
dues.’’ The symbols employed in this 
column are, in part, after Wengerd 
(1948). 

Calcite-Dolomite Ratios 


The dolomite and calcite content of 


each bed is plotted as per cent total car- 
bonate in figure 1. The dolomite content 


was determined by one of Lemberg’s » 


staining techniques, modified by the au- 
thor to give rapid quantitative results 
(Lawson, 1950). , 
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The faunal zones delimited by Laudon 
and brief remarks on the macrolithology 
are also shown in figure 1. The letters and 
numbers listed under ‘‘Lithology” refer 
to the color of rock determined from the 
Rock-Color Chart (National Research 
Council, 1948). The textural terms are 
those propoesd by DeFord (1946), for use 
with the Alling scale. 


DISCUSSION 


The principal points of interest in the 
lithology of the ‘LeGrand beds” are 
(1) dolomite content, (2) chert, (3) cal- 
cite types, (4) textures, (5) insoluble resi- 
dues, and (6) oolite beds. Although these 
are not entirely independent of each 
other they will be discussed separately. 


Dolomite 


A discussion of this subject is always 
difficult because of the confused termi- 
nology. As often suggested, it is certainly 
desirable to find a name other than ‘‘dolo- 
mite” for a rock containing more than 
50 per cent of the mineral dolomite. 

In the ‘‘LeGrand beds’ the mineral 
dolomite occurs as individual grains dis- 
seminated through a matrix of calcite. 
Here, the mineral dolomite may comprise 
any fraction of the carbonate component 
from zero to about 85 per cent. No bed 
above oolite I (see fig. 1) has a carbonate 
component consisting entirely of dolo- 
mite, nor entirely of calcite. The litera- 
ture describes the 25 to 30 feet of rock 
just above oolite I as dolomite, and the 
remainder of the “LeGrand beds’ as 
limestone. This is simply not true. Al- 
though the 25 to 30 feet of rock just 
above oolite I generally contain more 
dolomite than calcite, some individual 
beds in this interval are predominantly 
calcite. Moreover, several beds in the up- 
per 30 feet contain much more dolomite 
than calcite. 

Within a given bed the mineral dolo- 
mite is usually distributed through the 
calcite matrix with considerable uni- 
formity. An occasional exception is the 
concentration of dolomite grains in ir- 
regular masses in a bed that is otherwise 
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a nearly pure calcite limestone. Some iso- 
lated masses of dolomite-free calcite are 
found in beds that are predominantly 
dolomite. There is no evidence of dolomi- 
tization being controlled by joints or 


veins. 
Chert 

In figure 1 the indicated chert layers 
actually represent horizons of chert nod- 
ules or lenses. The nodules occur both as 
isolated spheroids or irregular masses in- 
terfingering with the limestone, and as 
groups of coalescent lenticular nodules. 
The chert lenses parallel the stratification 
and are usually discontinuous laterally. 
One or two of these lenses may be con- 
tinuous over a considerable area, as they 
consistently occur at the same horizon in 
several exposures, and they do not termi- 
nate in any of these exposures. 

The occurrence of chert bodies at defi- 
nite horizons is confined to the 33 feet of 
the section immediately above oolite I. 
This interval also contains the bulk of 
the beds that have a high dolomite con- 
tent. In this interval, where a lens of 
chert is missing, the limestone of the cor- 
responding zone often has a cherty resi- 
due. Although chert lenses and nodules 
are generally absent from the upper part 
of the section, the residues in several of 
the higher beds are predominantly chert. 


Calcite Types 


There is some concordance of maxima 
between dolomite content and recrystal- 
lized calcite content, but it should be re- 
membered that the total calcite content 
is low in such rock. A lower percentage of 
recrystallized calcite in other beds may 
actually represent a greater degree of re- 
crystallization. 

Bed 20, which is largely lithographic, 
has the highest content of clastic calcite 
and the lowest content of recrystallized 
calcite. Fossil calcite, in general, is rare 
or absent in beds containing more than 
about 20 per cent dolomite. 


Texture 


In figure 1 the rock textures are briefly 
and inadequately described by single 
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terms under “Lithology.” The terms are 
those of DeFord (1946) and, like most 
carbonate rock textural terms in vogue 
today, fail completely to convey the com- 
plexity of textures observed in such 
rocks. The texture of the LeGrand car- 
bonate rocks cannot be defined by a 
single statistical measure or by one term 
alone, The subject of textures and their 
classification will be discussed in detail in 
a jater paper. 


Residues 


Quantity of residue does not seem to 
be significant in the LeGrand rocks, and 
in no one bed does the insoluble material 
constitute more than 10 per cent of the 
rock. Though it is not obvious from fig- 
ure 1, the total quantity of residue in the 
rocks is largely a function of the argilla- 
ceous content. In general, fluctuations in 
the amount of coarser residue are much 
smaller than fluctuations in argillaceous 
residue. 

The components of the insoluble resi- 
dues of particular interest are variscite 
(?), glauconite, and pyrite. The mineral 
called variscite in this study occurs as 
finely aggregated lath-like crystals, trans- 
parent, green to nearly colorless. Usually 
anisotropic (orthorhombic ?), some grains 
appear to be isotropic. The index of re- 
fraction is about 1.59. The mineral is 
highly birefringent and contains opaque 
inclusions. Variscite (?), an aluminum 
phosphate, is never abundant in the ‘‘Le- 
Grand beds” and it seems to have a ran- 
dom distribution throughout the section. 

Glauconite is most abundant near the 
tops of oolite beds or in beds immediately 
above oolites. Its occurrence just above 
bed 11 is important as this bed is a lime- 
stone conglomerate with an oolitic ma- 
trix. The occurrence of glauconite in beds 
9 and 10 does not seem to be related to an 
oolite. Though the author was unable to 
find any evidence that bed 8 had ever 
been oolitic, older reports indicated an 
oolite at about this horizon in other lo- 
calities. Glauconite is being formed today 
in brackish waters on coastal plains, and 
a transgression of the Mississippian sea 
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may have winnowed this mineral out of 
similar deposits and incorporated it in the 
limestones. 

Pyrite (or limonite pseudomorphs af- 
ter pyrite) is distributed throughout the 
section, but, in general, it is most abun- 
dant in oolites or beds immediately above 
oolites, as is glauconite. 


Oolitic Beds 


Five times during the time interval 
represented by the rocks at LeGrand, 
conditions favorable for the formation of 
oolites were present in this area. These 
five times aie represented by oolite I; 
bed 11, which has an oolitic matrix; 0o0- 
lite II; oolites IIIf and IV, which were 
formerly one continuous oolite; and oo- 
lite V. 

Oolites [If and [V, in the outcrop, ap- 
pear to be two distinct oolites separated 
by a dark blue-gray massive dolomite. 
Close inspection of this dolomite reveals 
many smal) circular areas of a darker 
color. In thin-section it is obvious that 
these dark circular spots were once 00- 
lites that have been recrystallized and 
then dolomitized. A thin film of pyrite 
has preserved the outline of many of the 
individual ooliths. 

Beds associated with three of the oo- 
lites indicate contemporaneous erosion 
which suggests shallow water, or at least 
conditions other than normal marine. Be- 
low oolite I is an erosion surface and con- 
glomerate in the English River forma- 
tion. Bed 11 is an intraformational con- 
glomerate with an oolitic matrix and the 
beds subjacent to oolites III and IV are 
cross-laminated and fragmental. 

The conditions for the formation of 
marine oolites are not well known, and 
may be varied. The weight of evidence, 
both in the literature and at LeGrand, 
favors a near shore, or shallow water, en- 
vironment for their formation. Every oo- 
lite in the section is followed by more 
normal marine carbonate rocks, which 
are well bedded and more or less massive. 
The change from oolite formation to dep- 
Osition of a more normal marine rock is 
not always as abrupt as the sharpness of 
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the contact would indicate. A careful 
study of the ooliths in oolite I shows that 
ooliths near the upper contact of this bed 
are smaller and geometrically less regular 
in outline than those lower in the bed. 
Also, the ooliths make up less of the total 
rock near the top than they do lower in 
the bed, where they are more closely 
packed. These differences indicate a 
gradual change, from conditions favor- 
able to the growth of ooliths to other 
conditions. 

The oolitic rocks contain brachio- 
pods and bryozoans most abundantly, 
whereas the more norma! marine rocks 
at LeGrand contain echinoderms most 
abundantly. This suggests a change in 
ecological conditions, and may partly ac- 
count for the abundance of pyrite at cer- 
tain horizons. The occurrence of pyrite 
probably is due to the decomposition of 
organic matter in waters containing iron. 
Shallow agitated waters would be most 
favorable for the decomposition of or- 
ganic matter, and for the formation of 
ooliths, 


SUMMARY 


In the past few years there has been an 
increasing awareness of cycles in sedi- 
mentation, but all of the cyclic sedimen- 
tation dealt with in the literature in- 
volves alternation of clastic, or of clastic 
and non-clastic, rocks. At LeGrand there 
is a strong suggestion of cyclic sedimen- 
tation within an exclusively carbonate se- 
quence. Obviously, there was a recur- 
rence of oolite deposition. Generally, 
beds immediately underlying oolites are 
cross-laminated, or fragmental, or con- 
glomeratic. Beds immediately overlying 
oolites appear to be of a more normal 
marine nature. Glauconite and pyrite are 
most abundant in oolites or in immedi- 
ately overlying beds. 

The oscillations between various dep- 
ositional environments that are sug- 
gested by these variations in lithology 
may be described as follows: 

1. Agitation of water, associated per- 
haps with relative lowering of sea level, 
resulting in fragmentation of the hard 
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parts of organisms, notably crinoids and 
brachiopods; breaking up of semi-indu- 
rated sediments and formation of con- 
glomerates; and locally some erosion. 

2. Continued agitation and develop- 
ment of conditions peculiarly favorable 
to the formation of ooliths and the dep- 
osition of an oolite. Glauconite formed 
in this environment or was winnowed 
from adjacent areas. 

3. Decrease in agitation, associated 
perhaps with deepening of the water in 
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this area, with the transition from oolite 
deposition to deposition of a normal 
limestone or dolomite. 

Some type of cyclic sedimentation 
probably operates in the deposition of 
most sediments. Cycles should be ex- 
pected in all sedimentary deposits and in 
all lithologies, as the general rule rather’ 
than the exception. There is evidence for 
five simply cycles, more or less complete, 
in the carbonate rocks at LeGrand. 
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BEACH SAND AT LOS OJOS DE AGUA DE SAN 
TELMO, MICHOACAN, MEXICO 


FRED M. BULLARD anp RICHARD A. MILLS 


University of Texas, Austin, Texas 


ABSTRACT 


A sample of beach sand from a relatively inaccessible section of the Pacific Coast of Mexico 
is described. The mechanical analysis shows 86.82 per cent of the material in the } mm grade 
size. The heavy mineral content is unusually high with staurolite, hornblende and hypersthene 
accounting for 65 per cent of the total residue. On the basis of mineral composition, the sands 
are believed to have been derived from igneous and metamorphic rocks in the Sierra Madre del 
Sur and moved northward along the coast by shore currents. 


INTRODUCTION 


The sample described in this paper was 
collected at the beach adjacent to a small 
settlement known as Los Ojos de Agua de 
San Telmo on the Pacific Coast in the 
western part of the State of Michoac4n, 
Mexico. Since this is a relatively inac- 
cessible part of the Pacific Coast and 
practically no information has been pub- 
lished on the beach sands of the Pacific 
coast of Mexico, it seems worth while to 
record the results of this brief study. Dur- 
ing the summer of 1950 the senior author 
was a member of the staff of The Univer- 
sity of Texas Geography Field School 
which carried on studies in the coastal 
section of Western Michoacan. The 
senior author is indebted to Dr. Donald 
Brand, Chairman of the Department of 
Geography of The University of Texas 
and Director of the Field School, for the 
opportunity to visit this area and to col- 
lect the samples described herein. The 
mechanical and mineral analyses were 
made by the junior author. 

Los Ojos de Agua is in the extreme 
western part of the rugged Sierra Madre 
del Sur near the western boundary of the 
State of Michoacan. The mountains, 
which trend in a general east-west direc- 
tion, reach an average elevation of from 
6,000 to 7,000 feet with a few peaks ap- 
proaching 10,000 feet. The mountains 
rise abruptly from the coast, in some 
places actually projecting into the sea as 


promontories. The few streams in the im- 
mediate area rise in the mountains and 
flow with steep gradients into the sea. 
The Rio Coahuayana, one of the major 
streams of the area, empties into the Pa- 
cific Ocean at Boca de Apiza, about 5 
miles northwest of the beach at Los Ojos 
de Agua de San Telmo. The Rio Balsas, 
which empties into the sea about 125 
miles to the southeast, is the chief drain- 
age of this general region of Mexico. The 
climate is tropical with the rainy season 
coming in the summer months. The west- 
ern boundary of Michoacan, marked by 
the Rfo Coahuayana, can be reached by 
car or bus from Colima at all seasons of 
the year. During the dry season, trucks 
cross the river and Boca de Apiza and 
Los Ojos de Agua can be reached over 
primitive roads. During the rainy season 
the area is accessible only on foot or 
horseback. 


GEOLOGIC SETTING 


The rocks making up the Sierra Madre 
del Sur are largely Cretaceous limestones 
which attain a thickness measured in 
thousands of feet. Extensive igneous ac- 
tivity, which began in the Tertiary and 
has continued to the present, has buried 
much of Mexico under a mantle of vol- 
canic debris. In the coastal area the vol- 
canic mantle has been largely removed by 
erosion, except in those areas where it 
has been preserved by faulting. Post- 
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Cretaceous intrusions of granodiorite, 
granite, and to a lesser extent diorite, are 
numerous in the coastal area. To the west 
of Colima the intrusions are not exten- 
sive and occur only in isolated patches. 
However, they become progressively 
more abundant to the south and east un- 
til along the Guerrero and Oaxaca coasts 
they form extensive areas. These intru- 
sions, according to Palmer (1928), meta- 
morphosed the Cretaceous rocks so com- 
pletely (forming gneisses and schists) that 
they have been described as Paleozoic or 
even pre-Cambrian metamorphics. 

At Los Ojos de Agua a rugged moun- 
tain mass projects into the sea. This 
promontory is known as Punta San Telmo 
although it is also known by the name of 
Cabeza Negra. This mountain mass is a 
tilted block of Cretaceous limestone dip- 
ping about 30° to the south with the 
strike approximately east-west. Los Ojos 
de Agua is a small settlement on the 
north margin of the mountain about 1} 
miles from the beach. The springs, which 
give the name to the settlement, issue 
from the base of the mountain, probably 
along a fault. A short distance from Los 
Ojos de Agua, in the direction of the 
beach, the massive Cretaceous limestone 
which forms the base of the ridge is re- 
placed by a dense, hard, igneous rock 
which appears to be a dike cutting a 
thick sequence of overlying volcanic tuffs 
as well as the underlying limestone. The 
white bluffs, which are conspicuous fea- 
tures on the north side of Punta San 
Telmo are made up of volcanic tuffs 
while the hard igneous dike makes up the 
core of the promontory. The sand de- 
scribed in this paper was collected from 
a small crescent beach or cove directly 
west of the promontory (see fig. 1). 

During the rainy season the Rio 
Coahuayana, which discharges at Boca 
de Apiza some 5 miles to the northwest of 
Los Ojos de Agua beach, has a large vol- 
ume and carries a heavy load of sedi- 
ment. The ocean waters at the mouth of 
the river are quite muddy for some dis- 
tance out from shore. Vigorous wave 
action keeps the mud in suspension for a 
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. considerable length of time. Apparently 


the prevailing shore current (at least 
during early summer) is to the north- 
west since the ocean water becomes clear 
a short distance to the southeast of the 
mouth of the river, and at Los Ojos de 
Agua beach the water has no trace of 
river sediment. On the other hand, when 
the coast was viewed from the promi- 
nence of Punta San Telmo, it was ap- 
parent that the sediment laden waters 
extend for a long distance to the north 
and provide material for a series of bars 
which are conspicuous features of the 
coast line to the northwest of Boca de 
Apiza. 


Analyses of Los Ojos de Agua de 
San Telmo Beach Sand 


Samples of the beach sand, which were 
collected at a small cove directly north- 
west of Punta San Telmo (fig. 1), were 
taken at normal surf level. 

Mechanical analysis.—A size analysis, 
using standard methods of screening, 
gave the following results: 


Mesh opening in mm __sPer cent of total 


86.82 
7.22 
14 


From the results of the mechanical 
analysis it is apparent that the sand is 
well sorted with a high concentration in 
the modal grain size. It is a typical beach 
sand in which vigorous wave action has 
resulted in a high degree of sorting. 

Mineral analysis—Heavy minerals are 
exceptionally abundant in the beach 
sand, so much so that the sand has a 
“salt and pepper” appearance. It is re- 
ported that beaches to the southeast, in 
the direction of the Rio Balsas, are made 
up of black sands and in some cases 
what have been described as blue sands. 
No samples of these beaches were ob- 
tained and consequently it can only be 
inferred that the percentage of ‘‘heavy 
minerals’ increases to the southeast. 
In the beach sand from Los Ojos de 
Agua the heavy residue constitutes 29.8 


= 

3mm 
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per cent by weight of the total sample.. 
Bromoform was used to separate the 
light and heavy minerals. The heavy 
minerals were identified and the per- 
centage of each species in the residue 
was determined on the basis of a count 
of 300 grains. 


Results of heavy mineral analysis 


(per cent by number of grains; based on a 
count of 300 grains) 
Per cent of 
total residue 
31 


Staurolite 
Hornblende 18 
Hypersthene 16 
Black opaque 

Quartz (stained with iron) 

Pyroxene (monoclinic) 

Calcite 

Epidote 

Rutile 

Titanite 

Apatite 

Garnet 

Unidentifiable, largely iron coated 


Total 


Notes on the Heavy Mineral 
Species 


Staurolite—The grains are angular, 
irregular and somewhat platy. Outstand- 
ing on all grains is the hackly to con- 
choidal fracture. Many of the grains ap- 
pear as “‘chips’’ of glass, and under 
crossed nicols the bright interference 
colors exhibit the conchoidal fracture 
in a striking manner. Most of the speci- 
mens are clear with golden yellow pleo- 
chroism (X colorless, Y yellow, Z golden 
yellow). Inclusions of magnetite and 
minute rod-like crystals were abundant 
in a few specimens resulting in a porous 
or ‘‘swiss cheese” appearance. Many of 
the grains are stained or coated with 
hematite and leucoxene making identifi- 
cation difficult. 

Hornblende—The grains are usually 
elongate or prismatic and deeply colored 
either dark brown or dark green. At 
first glance the grains appear to be 
opaque but with convergent light the 
characteristic hornblende pleochroism 
can be observed. Actually, it was found 
that the best way to study the grains 
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was to use a small tungsten filament 
lamp and project an intense light on the 
grain. In normal light, due to the dark 
color, the birefringence as well as the 
pleochroism is difficult to observe. All of 
the specimens are free of inclusions and 
they do not appear to be badly weath- 
ered. 

Hypersthene—The grains are worn 
elongate or stubby and may be described 
as subcylindrical. The ends generally are 
rounded; however, the general fracture 
pattern varies from even to subconchoid- 
al. The most outstanding property is 
the strong pleochroism which ranges from 
a brownish pink (X) to a greenish yellow 
(Y) to a dark green (Z). While some 
grains are clear (usually those with 
conchoidal fracture) most of the grains 
contain brown, thin, plate-like inclusions 
(schiller structure) and conspicuous stri- 
ations parallel to the cleavage and a 
marked cross fracture. Inclusions are 
numerous but they are small and difficult 
to identify. A few specimens were ob- 
scured by iron stains. 

Black opaques and unidentifiable grains. 
—The black opaques in these sands are 
rare and they are not readily identified. 
One difficulty is that a large number of 
grains, especially staurolite and quartz, 
have been stained or coated with hema- 
tite and leucoxene. Therefore, very often 
grains that appear opaque in ordinary 
light are observed under crossed _nicols 
to be a mineral that has been nearly 
covered by an opaque, but still shows 
some birefringence. In the case of stauro- 
lite, a faint yellow pleochroism will be 
observed on an exposed edge. In many 
cases, however, it is not possible to iden- 
tify the mineral. Iron stained quartz is 
not difficult to identify because of its 
low birefringence, which usually can be 
observed on the edges. The true opaque 
minerals include only ilmenite, magnetite 
and hematite. 

Pyroxenes (monoclinic)—The grains 
are slightly rounded, prismatic to stubby 
and range from nearly colorless to yellow- 
ish brown in color. The high extinction 
angle serves to identify the species. 
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Calcite—This somewhat unusual as- 
sociate of detritals is characterized by 
large, well rounded grains which show a 
marked (twinkling) change in relief on 
rotation of the stage. The grains are light 
brownish yellow to colorless with the 
characteristic cleavage and high order 
interference colors. 

Epidote—The few specimens were 
subangular fragments, greenish yellow 
in color and exhibiting distinct pleo- 
chroism. Many of the fragments give 
the typical centered optic axis (compass 
needle) interference figure. 

Rutile—Only a few grains are repre- 
sented in these sands and they are elon- 
gate prisms ranging from dark reddish 
brown to nearly opaque. 

Garnet.—The few grains of garnet are 
small, transparent, angular fragments. 
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CONCLUSIONS 


The predominance, both in species and 
per cent, of minerals characteristic of 
metamorphic rocks and primary igneous 
rocks indicates that the major part of 
the beach sand was derived from the 
intrusives and the metamorphics in the 
adjacent Sierra Madre del Sur. The 
relatively fresh appearance of many of 
the species as well as the presence of 
calcite, indicates a nearby source. The 
extensive metamorphism produced by 
the igneous intrusions, which are so 
common in the coastal area of Michoacan, 
Guerrero and Oaxaca, undoubtedly pro- 
vided the material which the streams 
(largely the Rio Balsas and its tribu- 
taries) carried to the Pacific Ocean and 
northward moving shore currents trans- 
ported the sands along the coast. 
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THE OCCURRENCE AND DERIVATION OF AN AUGITE-RICH 
BEACH SAND, GRENADA, B.W.I. 
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ABSTRACT 


The beach sand, containing up to 93% of augite in samples, is described with respect to the 


variation along the beach of its grain size and h 


eavy mineral content, and the optical properties 


of the different heavy mineral grains are given. A brief description is included of the geology of 


the immediate hinterland with reference to the source of the beach sand. 


INTRODUCTION 


Although the peculiarity of a small, 
deeply indented bay in Grenada, British 
West Indies, has long partly been recog- 
nized in so far as the name Black Bay has 
appeared on maps for over a hundred 
years, no mention has been encountered 
in geological literature concerning the oc- 
currence of a remarkably rich augite 
beach sand which is to be found at this 
locality. The bay is situated on the 
southern side of Point Saline, which it- 
self forms the S.W. extremity of the 
island (fig. 1), and it is to the colour of 
the beach that the name Black Bay, 
refers (fig. 2). The beach is made up of a 
black sand, composed almost entirely of 
heavy minerals, with augite predominat- 
ing. The minerals have been concentrated 
from a moderately consolidated tuff 
which forms the greater part of Point 
Saline and its vicinity. 

From the admittedly rather limited 
amount of information on black sands 
available to the writers, it seemed that 
such an accumulation of augite is a rarity 
which warranted investigation. Conse- 
quently the beach was systematically 


sampled and the source of its material de- 
termined. 


BLACK BAY BEACH SAND 


The results of mechanical and heavy 
residue analysis of a series of 6 samples 
taken at 50 yard intervals along Black 
Bay beach, which approximate 250 yards 


in total length, are represented graphi- 
cally in figures 3-6. In all samples the 
heavy residue content is high, ranging 
from 97 per cent at the western end to al- 
most 100 per cent in the east. In addition 
to the dominant augite, grains of magnet- 
ite and hypersthene are also present. As 
can be seen from figures 4 and 5, illustrat- 
ing the mineral distribution in the nat- 
urally-occurring sand, and in the 0.105— 
0.125 mm grain size fraction respectively, 
the augite/magnetite ratio is not con- 
stant throughout. In the case of the 
smaller grains 0.105—0.125 mm, magnet- 
ite is scarce in the western half of the 
bay but increases in frequency fairly 
sharply to a maximum of 72 per cent at 
the eastern end. In the sand taken as a 
whole, however, this increase does not 
occur until approximately 75 yards from 
the eastern end where it reaches a maxi- 
mum of 47 per cent. 

In addition to mineral sorting, there is 
also sorting of grain size as illustrated by 
the cumulative curves (fig. 6). From 
these it can be seen that there is a com- 
paratively marked difference in grain 
size between the two end samples, al- 
though it is almost constant for the inter- 
vening distance. These curves give the 
modal grain size as lying high in the me- 
dium grain size range of the Wentworth 
scale. The exact relationship between 
mineral distribution and grading is not 
clear, although it is observed that there 
is much more augite in the coarser- 
grained western end than the finer- 
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Fic. 1.—Location of Black Bay, Grenada, British West Indies. 


grained eastern end where the magnetite 
is more concentrated. 

The augite grains are remarkably 
fresh, displaying all degrees of rounding, 
although the most common shape is sub- 
angular. Good crystal shapes also occur. 
Colour varies within shades of yellowish 
green, and the pleochroism, where pres- 
ent, is generally from dark green to me- 
dium brown but sometimes from dark to 
light green. Inclusions of iron ore are 
common, 

The few grains of hypersthene present 


(maximum 1.8 per cent heavy minerals) 
are usually small and angular, many 
showing a marked pleochroism from deep 
brown to nearly black. Magnetite grains 
are small and generally rounded, but 
some show their octahedral crystal shape. 
The balance of the grains in the sand, i.e., 
the light residues, consist of calcite, frag- 
ments of corals and marine shells, and a 
few grains of quartz. 

The concentration of heavy minerals 
in the neighbouring Calo Bay increases 
from 23 per cent to 62 per cent from west 
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to east, i.e., in the same direction as in 
Black Bay. Augite constitutes almost the 
entire residue, magnetite being very rare. 
However a single sample from Canoe 
Bay, a few yards north of Black Bay on 
the other side of the Point, gave a 40 per 
cent heavy residue, augite and magnetite 


being present in a ratio approximately 


DERIVATION OF BEACH SAND 


A brief reconnaissance of the region 
shows that the undulating landscape of 
Point Saline is formed from a moderately 
consolidated and thickly bedded tuff. 


West East 
Light Residue 


} Minera 


2 


4 
Saupces. (50 ¥ds interval) 


Fic. 3.—Percentage distribution of light and 
heavy minerals along Black Bay beach. 


ish West Indies. 


The bedding is mainly horizontal, as is 
seen in the good coast section exposed by 
the steep cliffs of Point Saline and at 
Black Bay. Thin calcite veins are fairly 
common throughout the rock and the top 
ten feet on the headland, at the eastern 
end of the bay, is heavily indurated with 
this mineral. Inland the countryside be- 
comes more rugged, partly due to the 
outcrop of masses of augite diorite and 
well bedded agglomerates. At Morne 
Rouge Road Junction Cutting, the tuffa- 
ceous sediments of Point Saline can be 
seen overlying a conglomeratic bed, 
which in turn, rests upon an exposure of 
exfoliating augite diorite. 

- Thin sections of the diorite show that 
large euhedral crystals of pale yellow fer- 
riferous augite (Z Ac=48-52°) are com- 
mon. Zoned and twinned crystals are fre- 
quent, occasionally showing distinct 
pleochroism (light green to light reddish 
brown). These properties, therefore, con- 
cur with those often exhibited in the 
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beach sand. Other minerals include plagi- 
oclase laths (andesine/labradorite), fre- 
quent magnetite, a few small aggregates 
of quartz, occasional hypersthene and 
very rare biotite. Hornblende is absent. 

The tuff in thin section is found to con- 
tain comparatively large and generally 
angular fragments of the augite diorite, 
and of augite and plagioclase as well as 
smaller grains of augite, plagioclase, 
magnetite and quartz. These constituents 
are set in a groundmass of very fine red 
clayey material similar to that encoun- 
tered in the weathering channels of the 
exfoliating outcrop of augite diorite. The 
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Fic. 4.—Percentages of augite, magnetite, 


and hypersthene in the heavy residues of 
beach samples. 


augites present closely compare also with 
those found in the diorite. 

The similar optical properties of the 
augites suggest that the tuffs at Point 
Saline have supplied the heavy minerals 
of Black Bay beach. In fact the proximity 
of the tuff to the beach makes this the 
obvious source. It also seems clear that 
the tuff was derived from the same 
magma as the augite diorite. 

The absence of fossils in the tuff did 
not permit any age determination to be 
made. It seems probable, however, that 
it is not very old; minor manifestations 
of volcanic activity have occurred in re- 
cent years. 


Magnetite 


2 3 4 5 
Sampces. interval) 


Fic. 5.—Percentages of augite, magnetite, 
and hypersthene in 0.105—0.125 mm heavy 
mineral fraction of beach samples. 


Each phase of volcanicity must have 
been sufficiently violent and prolonged in 
order to supply enough material, at each 
eruption, for the adequate burial and 
hence preservation of the majority of the 
augites. 

Present day erosion is rapid since al- 
most unaltered augites can be seen ex- 
posed in the vertical cliff sections. Once 
the crystals are on the beach, any decom- 
posed material is removed as soon as 
formed by wave action. This would ac- 
count for the remarkably fresh appear- 
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ance of the mineral in the Black Bay 
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PEBBLES FROM A POTHOLE: A STUDY IN 
SHAPE AND ROUNDNESS 


DOROTHY CARROLL 
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ABSTRACT 


An assemblage of pebbles collected from a pothole in even-grained sandstone is described. 
Variation in shape and roundness for the different lithologic types of pebbles is given. The in- 
fluence of original shape of the piece of rock worn into a pebble is stressed, and a series of stages 
in abrasion is described. The observations are compared with the facts and principles obtained 
by experiments on pebble abrasion by workers elsewhere, and it is believed that the experi- 
mental principles are exemplified by this sample of pebbles abraded in a pothole. 


INTRODUCTION 


Lord Rayleigh (1942 and 1944) has 
described experiments for the production 
of rounded pebbles and has commented 
on the scarcity of spherical pebbles in the 
natural material available to him. In or- 
der to obtain some information about the 
occurrence of pebbles in potholes, a num- 
ber of observations were made in stream 
beds of Triassic sandstone (the Hawkes- 
bury Sandstone) in the vicinity of Syd- 
ney, New South Wales. Potholes are very 
plentiful in all the beds of streams which 
flow over sandstone, but it was found 
that the flow of water was insufficient to 
move the pebbles in the holes except after 
the heavy falls of rain which are common 
in this part of the country at all times of 
the year. 

In most stream beds examined, the 
conditions for the production of rounded 
pebbles in potholes are all present: an ir- 
regular floor of jointed medium- to 
coarse-grained sandstone in which pot- 
holes have been worn; a supply of more 
or less angular pieces of sandstone and 
shale for the production of pebbles; ob- 
structions in some holes of large pieces of 
sandstone which act as additional abra- 
sive surfaces and cause extra swirling of 
the water; and sand added by the stream 
to act as a fine abrasive agent. 

The pothole from which the sample of 
pebbles described was collected, is fairly 


large and is situated on a flattish plat- 
form of sandstone about thirty yards 
from the foot of a waterfall in the Valley 
of the Waters, Wentworth Falls, in the 
Blue Mountains, fifty miles west of Syd- 
ney. The country rock is well-bedded 
Hawkesbury Sandstone containing some 
prominent shale bands; it has strong ver- 
tical jointing. The pothole had resulted 
from erosion against a joint plane and 
measured 8 feet 6 inches by 4 feet 6 
inches and was 2 feet 6 inches deep. It is 
therefore not a typical pothole of circular 
plan. It contained three large boulders, 
two of coarse sandstone, and the third of 
fine sandstone. The measurements of the 
boulders were 18X19 X6 inches, 25X 
30X12 inches, and 19X19 X3 inches re- 
spectively. Coarse and fine sand, sepa- 
rated from each other by water action, 
and weighing about 20 to 30 pounds was 
situated near the two largest boulders. 
The stream does not normally flow into 
this pothole except during floods. Sev- 
enty-seven pebbles, practically all that 
the hole contained, were collected from it 
for examination. 


METHOD OF EXAMINATION 


Each pebble in the sample was num- 
bered. The lithological type, size, shape, 
and roundness of each was recorded by 
methods recently described (Carroll, 
Brewer, and Harley, 1950). These briefly 
are: 
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TABLE 1.—Size distribution of pebbles 


Grade mm 8-16 16-32 


No. of 
Pebbles 


Range 
mm 


32-64 


Coarse sandstone 


and grit _— 63.6 
Medium sandstone 11.8 58.8 
Fine sandstone ee 76.5 
Shale 0.0 60.0 


% 
36.4 19.9-43.9 26.7 22 
29.4 12.2-41.5 26.4 17 
20.2 14.8-38.9 18 


20.0 9.7-45.7 


Lithologic type: by visual inspection follow- 
ing Plumley (1948) and Allen (1949). 

Size: by measurement with a gauge. 

Shape: determined by Krumbein’s (1941a) 
intercept method which is based on a triaxial 
ellipsoid as the reference solid to which a 
pebble is compared. The three diameters 
measured are, a, long, b, intermediate, and c, 
short. The sphericity is found from Krum- 
bein’s chart with the Zingg (1935) pebble 
shape added. In Zingg’s classification na- 
turally occurring pebbles fall into four groups: 
disc-shaped (oblate spheroid), spherical 
(spheroid), blade-like (triaxial), and rod-like 
(prolate spheroid). 

Roundness: determined visually by com- 
parison with Krumbein’s (1941) pebble 
images. 


DESCRIPTION OF PEBBLES 


Lithology—The distribution of rock 
types present was: coarse-grained sand- 


TABLE 2.—Shape and roundness of pebbles in the 16-32 mm grade 


stone (13); medium-grained sandstone 
(17); fine-grained sandstone (18); grit or 
gritty sandstone (9); sugary and porous 
sandstone (2); shale, red and purple (15); 
milky quartz (3), giving a total of 77 
pebbles. The sample of pebbles is, there- 
fore, a fairly homogeneous one since 59 of 
the pebbles are of sandstone. The terms 
“coarse,” ‘“‘medium,” “fine” and ‘“‘grit’’ 
are used in the sense of Wentworth’s 
grade scale (1922a). 

Size-—The mechanical composition is 
given in table 1 in which the pebbles are 
grouped lithologically. The size is taken 
from the mean diameter which was ob- 
tained from the shape measurements by 
Krumbein’s method. It is to be noted 
that all the pebbles are between 8 and 
64 mm diameter and therefore fall in 
Wentworth’s pebble grade. The maxi- 
mum grade is 16 to 32 mm. 

Shape and Roundness.—Table 2 gives 


Shape Class! Sphericity Roundness 
Pebbles 
Range Av. Range Av. 
Grit or gritty sandstone (9) .44—.78 .67 .4-.6 


Other grades 


Coarse sandstone (7) 3 — .65-.90 .5-.6 
Other grades (6) — <3 °54-.78 .3-.9 6 
Medium sandstone (10) 3. 6%1— .51-.90 By .3-.9 
Other grades (7) .50—.90 .70 .6 
Fine sandstone (13) Go .41-.79 60 .3-.8 
Other grades (5) .60-.71 -68 .5-.8 .6 
Shale (9) 6 .49—.82 .69 .3-.6 
Other grades (6) 4 — 2 .49-.70 .3-.6 


2 Figures all refer to numbers of pebbles. 


1 The Zingg shape classes are: I. disc-shaped; II, spherical; III, blade-like; IV, rod-like. 
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the shape and roundness of the different 
lithologic types in the maximum grade 
(16-32 mm) and compares these with the 
remaining pebbles in the sample. 


DISCUSSION 


Relationship between Shape 
and Lithological Type 

The results of abrasion on a piece of 
rock produce what is termed a pebble, 
and a certain degree of roundness, i.e., 
lack of sharp edges, is implicit in the 
term (see Oxford Dictionary). American 
writers have made a definite distinction 
between the concept of shape and round- 
ness (Krumbein, 1941a) for descriptive 
purposes, but it is difficult to keep these 
concepts clear when the reduction of a 
piece of rock by abrasion results in a defi- 
nite relationship between the shape and 
roundness (Rayleigh, 1942, p. 118), and 
the amount of abrasion. It has been con- 
sidered that abrasion will produce a 
spherical shape from any piece of rock of 
fairly homogeneous character provided 
the process is continued for sufficiently 
long. Rayleigh (1942, p. 108) has pointed 
out that if the three principal axes of the 
original piece of rock prior to abrasion 
are not very different, i.e., the shape ap- 
proaches that of a cube, the spherical 
form is continually approached as attri- 
tion proceeds. If the original piece of rock 
is that of a solid rectangle (parallele- 
piped) then a rod-like, tabular, or bladed 
pebble will be produced. The lithological 
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type, therefore, is of subordinate impor- 
tance, the original shape being caused by 
lamination and jointing of the rock which 
is undergoing weathering to produce the 
raw material of the pebbles. For example, 
if a piece of shale of compact type is cut 
mechanically into a cubic shape, abrasion 
will cause the production of a spherical 
pebble, whereas naturally occurring shale 
fragments will tend to be rectangular and 
from these disc-shaped pebbles will be 
produced if the beds are thin, and rod- 
like pebbles if the bedding is thicker and 
the rock more compact. 

It has been generally stated that even- 
grained compact rocks produce pebbles 
of greater sphericity and roundness than 
do other types of rocks, and the observa- 
tions recorded here confirm this state- 
ment, the medium-grained sandstones 
having produced the greatest number of 
spherical pebbles. Table 3 summarizes 
the distribution of shapes in the lithologi- 
cal types. 


Effect of Size on Shape 


Figure 1 shows the relationship be- 
tween size (mean diameter) and shape 
(as sphericity) of the individual pebbles. 
There appears to be very little relation- 
ship between size and shape of the peb- 
bles in this sample. 


Effect of Size on Roundness 


Figure 2 shows the relationship be- 
tween size (mean diameter) and round- 


TABLE 3.—Shapes of pebbles of different rock types 


Description of 


Shape (Zingg) 


Rock type parent rock 


II III 
Spherical Blade 


Grit 


Irregular bedding 
Coarse sandstone 


Irregular at base of 
other sandstones 

Thick evenly 
bedded 

Fine sandstone Thin beds 

Shale Thin beds 


Medium sandstone 


3 


4 
9 


1 
2 


Totals 


17 


1 Numbers of individuals, not percentages. 
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ness of the individual pebbles. The graph 
indicates that there is a relationship be- 
tween roundness and size and that the 
majority of the pebbles occur in the 0.5 
and 0.6 roundness groups. This may be 
the limiting value for this particular en- 
vironment. 


Special Features Due to Abrasion 


Apart from the shape and degree of 
roundness of: the surfaces of the pebbles 
caused by abrasion there are some special 
features produced. One of these features 
is a modification of shape by a flattening 
at the poles as illustrated by Rayleigh 
(1942, pl. 1, figs. 2 and 3). Such pebbles 
do not exhibit a true elliptic shape but 
bulge away from an inscribed ellipse. 
Other pebbles exhibit a concave face, 
generally on one side only. These have 
been produced experimentally by Ray- 
leigh (1942, p. 116) by causing pieces of 
material of the same size to be moved to- 
gether in a vessel representing the condi- 


Fic. 1.—Relationship between shape (sphericity) and size 
(mean diameter) of individual pebbles. 


tions of a pothole; in the resulting abra- 
sion some pieces of rock shield others, and 
it was found that this shielding takes 
place more towards the outside of a peb- 
ble, thus allowing blows on the original 
flat surface which becomes pitted and 
worn until eventually a concavity is pro- 
duced. In this sample of pebbles concavi- 
ties of this type, and presumably of this 
origin, were found in six coarse sandstone 
pebbles (No. 22 is a particularly good ex- 
ample with a distinct concavity in five of 
its six rectangular faces); seven medium 
sandstone pebbles; nine fine sandstone 
pebbles; and four shale pebbles. The 
type of concavity is illustrated by Ray- 
leigh (1942, pl. 1, fig. 6). 


Stages in Abrasion of Pebbles 


In any sample of naturally occurring 
pebbles it is not to be supposed that all 
the original rock fragments arrived at the 
site of abrasion, in this particular in- 
stance a pothole, at the same time nor 
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that each has been subjected to the same 
amount and intensity of abrasion. Some 
may be the remains of the original pieces 
of rock which assisted in the formation of 
the pothole and these received a well- 
rounded form in the process. In a small 
pothole this may be so, but in a large one, 
such as that described here, with well- 
worn sides and base, it is probable that 
the original pebbles have disappeared, al- 
though it is also possible that the addi- 
tion of new angular pieces of rock may 
protect some pebbles, particularly the 
smallest, from further abrasion. The fact 
that the majority of the pebbles in this 
sample are of fairly uniform size would 
indicate that there is a factor in mechani- 
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cal abrasion in such a situation which 
prevents any great reduction in size be- 
low this general uniformity. 

If the size of the individual pebbles in 
the sample is examined statistically it is 
found that the distribution in sizes is as 
follows: 


Ist 3rd 
Quartile Median Quartile 
(mm) (mm) (mm 


Coarse sandstone 

and grit 22.8 
Medium sandstone 16. 
Fine sandstone 20.3 
Shale 18.6 


2s 3s 40 


Fic. 2.—Relationship between roundness and size (mean diameter) 
of individual pebbles. 
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It can be seen from an examination of 
these figures and those of table 1, that 
there is a restricted range in sizes of peb- 
bles from this pothole, which may not, 
and in fact does not, occur in all the pot- 
holes observed. The size uniformity may 
be caused by the large size of the pothole 
and the superior opportunities for abra- 
sion among a large number of pebbles in 
rather restricted circumstances. It is 
probable that abrasion in this situation 
would be more rapid that in smaller pot- 
holes capable of containing fewer pieces 
of rock to become worn. 

It is interesting to compare the shape 
and roundness of the pebbles of median 
size: 
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It might be argued that the smallest 
pebbles, having presumably been reduced 
in size by abrasion, would show the great- 
est degree of roundness, and the largest 
pebbles the greatest angularity. That 
this is not so indicates that pebbles may 
have been added at various times at vari- 
ous sizes and initial shapes. 


Rounding by Abrasion 


It has been noted earlier that original 
shape influences the final shape of a peb- 
ble produced by abrasion. Krumbein’s 
(1941) pebble chart of the degrees of 
roundness gives some idea of the stages 
which might be passed through to reach 
a perfectly rounded pebble, that is, a peb- 


Actual dimensions Shape 
(mm) (sphericity) Roundness 
Coarse sandstone and grit 33.0X29.2X17.8 .78 (I) 
Medium sandstone 34.2X25.4X17.8 .72 (ID) 6 
Fine sandstone 40.6X25.4xX14.0 .60 (IIT) “5 
Shale 38.0X30.5X11.4 .80 (II) 


The pebble showing the greatest sphe- 
ricity and roundness in each lithological 
type: 


ble in which the radii of inscribed circles 
in the corners, if any, are of the same 
magnitude as those of the largest in- 


Dimensions (mm) Shape Roundness Identification 
Coarse sandstone 50.843.2X28.0 78 (1) 9 ys 
Medium sandstone 44.542.0X34.2 90 (II) 3 10 
Fine sandstone 25.4228 12.7 78 (I) 8 57 
Shale 34.2 30.5X20.4 81 (I) 37 


No. 2, second largest in group; No. 10, 
second largest in group; No. 57, at the 
Ist. quartile; No. 37, next to the median. 

The pebble showing the least sphe- 
ricity and roundness in each lithological 
type: 


scribed circle for the pebble. Figure 2 
shows that the majority of pebbles in 
this sample have a roundness of 0.5 or 
0.6. The actual percentages of pebbles of 
all types are: R=0.2-0.4, 16 per cent; 
0.5, 30 per cent; 0.6, 35 per cent; 0.7—-0.9, 


Dimensions (mm) Shape Roundness _ Identification 
Coarse sandstone 53.5X28.0X17.8 .60 (IIT) 3 12 
Medium sandstone 50.8X25.4x20.4 .59 (IV) 4 31 
Fine sandstone 50.8X25.4X7.6 -41 (IIT) 42 
Shale 28.0X22.8X5.2 60 


No. 12, at 3rd quartile; No. 31, at 3rd quartile; No. 42, near median; No. 60, at ist quartile. 
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19 per cent. Thus the pebbles as a whole 
are well rounded and have no sharp 
edges, the group R =0.4 being the highest 
degree of roundness of a particle in which 
angularity is shown, pebbles of group R 
=0.5 and upwards having notably 
smooth edges. All stages in the rounding 
of this particular sample may not, how- 
ever, have taken place in the pothole as 
some transport by the stream, which is 
in an extremely steep and narrow gully 
with a drop of several hundred feet, 
would be necessary to move the pieces of 
rock to the pothole. 

It is obvious that only six pebbles of 
groups 0.2 and 0.3 have not suffered 
much abrasion and can be regarded as 
new arrivals in the pothole. Similarly the 
pebbles in groups 0.7, 0.8, and 0.9 (13) 
are probably the pebbles which have 
been longest in the pothole as they are 
the most perfectly rounded. The size of 
the pebbles appears to have little signifi- 
cance as the least rounded pebble, i.e., 
the one with the most angular edges is 
one of the smallest. The three pebbles in 
the 0.9 group are rather on the large size. 

Considering lithological types it is seen 
that shale pebbles have not become more 
rounded than 0.6 which may be a maxi- 
mum for this type of rock. Fine, medium, 
and coarse sandstone are contained in 
groups 0.7 to 0.9; only two pebbles of 
medium sandstone and one of coarse 
sandstone reach a maximum of 0.9. 


Comparison of Observations 
with Experimental Work 


The principles relating to wear or abra- 
sion of particles of pebble size have been 
elucidated by tumbling-barrel and other 
experiments arranged to simulate natural 
conditions. Krumbein (1941b) has sum- 
marized these results and enumerated 
the changes in size, shape, and roundness 
of pebbles which have been found. It has 
been found that size will be continually 
reduced, and that roundness and sphe- 
ricity increase during abrasion in a tum- 
bling-barrel. Krumbein has graphed the 
change in roundness and_ sphericity 
against the distance of travel. Thesé two 
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attributes may approach limiting values 
which may depend on certain initial val- 
ues. In his experiments the limiting value 
for roundness was about 0.64 and for 
sphericity about 0.77. It is interesting to 
note that this limiting value for round- 
ness is very similar to that found for this 
particular sample of pebbles (see fig. 2). 
Experimentally, too, it was found that 
rounding proceeded ten times as rapidly 
as sphericity change, a fact suggested by 
figure 1, in which there appears to be lit- 
tle relationship between size and sphe- 
ricity. The shape changes only slightly 
during abrasion, so that the end-product 
will generally show traces of the original 
inherited form. Figure 2 shows also that 
some of the larger pebbles are the better 
rounded, suggesting that size has some 
influence on rounding. 

Rayleigh (1942, p. 110) has given some 
useful concepts concerning change of 
shape (which is actually roundness as de- 
fined here) of pebbles which relates to the 
rigor of the process of abrasion. If the 
original shape of a piece of rock is ellip- 
soidal and in any given case (observed ex- 
perimentally) is found to be unaltered, 
the rate of abrasion at the ends must be 
as the fourth root of the specific curva- 
tures at these ends. He has found experi- 
mentally that abrasion directly disturbs 
the ratio of axes but that some forms un- 
der certain conditions can maintain their 
shape. Pebbles having a perfectly spher- 
ical shape are rare in nature and are not 
produced unless the original pieces of 
rock had their three principle axes nearly 
equal, thus, in general, few spherical peb- 
bles will be produced. The very well- 
rounded spherical pebbles, such as those 
illustrated by Dunn (1911), whose col- 
lection is now in the British Museum of 
Natural History, have probably been 
produced in potholes. 

The results of abrasion studies have 
been applied to stream gravels by Went- 
worth (1919), Krumbein (1940), Plum- 
ley (1948), and others and it has been 
found that the general nature of the 
rounding curves agrees well with natural 
instances, and that the size decrease of 
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pebbles was of the type indicated by the 
data. The present observations indicate 
that it is also possible to apply such find- 
ings to abrasion of pebbles in a pothole, 
although it is not possible to estimate the 
rigor of the process as miles of travel in 
such a situation. 


CONCLUSIONS 


The majority of the pebbles collected 
from this particular pothole show a con- 
siderable degree of rounding but only 
two pebbles have a high sphericity as 
well as being nearly perfectly rounded; 
these are of coarse and medium-grained 
sandstone. The scarcity of spherical well- 
rounded pebbles is caused by two factors: 
the original shape and the compact ho- 
mogeneous nature of the rock. Pebbles 
which have been abraded in potholes 
tend to show a distinctive form which is 
caused by abrasion in a confined space, 
and which differs from that produced in 
other parts of stream beds or in marine 
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situations (except in potholes on low 
rocky shore platforms subject to wave 
and tidal action). Abrasion in a pothole 
appears to be much more effective in pro- 
ducing well-rounded forms than in other 
situations. 

The observations on roundness and 
shape appear to agree with those found 
by experiment, though the ratios of 
rounding to size decrease, sphericity to 
size decrease, and rounding to sphericity 
change cannot be obtained as in Krum- 
bein’s experiments (1941b, p. 494). There 
is however, some indication that round- 
ness has approached a limiting value for 
the environment of this sample, and that 
there is some influence whereby the size 
tends to approach a median value (table 1 
and first tabulation). Sphericity change 
has not been as marked as roundness 
change. Original size may have influenced 
roundness and this may also be an influ- 
ence of the total assemblage of pebbles. 
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SYMPOSIUM ON PALEOECOLOGY OF SHALE AND 
EVAPORITE DEPOSITION 


This symposium was presented by the 
Society of Economic Paleontologists 
and Mineralogists in St. Louis, Missouri 
on April 26, 1951, during its annual 
meeting. The complete symposium con- 
sisted of the following papers: 


Microfossils as environment indicators 
in marine shale. Samuel P. Ellison, 

Depositional environment of red and 
green shales. Ralph E. Grim. 

Relationship of biotic and lithic facies in 


Recent Gulf Coast sedimentation. 
Shepard W. Lowman. 

Depositional environment of black shale. 
Parker D. Trask. 

Significance of evaporites in depositional 
sequence. L. L. Sloss. 


The first three of these papers are pub- 
lished in the following pages. Manu- 
scripts of the remaining papers of the 
symposium have not been recieved by the 
Journal, but it is hoped that the papers 
can be published in subsequent issues, 


q ‘ 
q 
3 


JOURNAL OF SEDIMENTARY PETROLOGY, VOL. 21, No. 4, pp. 214-225 
Fics. 1-7, DECEMBER, 1951 


MICROFOSSILS AS ENVIRONMENT INDICATORS IN 
MARINE SHALES" 


SAMUEL P. ELLISON, JR. 
University of Texas, Austin, Texas 


ABSTRACT 


Interpretations of depositional environments from microfossils are based mainly on com- 
parisons of fossil assemblages with the micro-organic remains in present day sea muds. Qualita- 
tive comparisons of species, genera, and families common to both shales and sea muds have 
provided two broad generalizations, First, benthonic organisms are the chief indicators of 
temperature, depth, amount of light, water composition, and other bottom conditions. Second, 
pelagic, planktonic, and nektonic organisms overlap into a variety of sedimentary environments 
indicating only broad latitudinal boundaries of temperature and salinity. 

Quantitative studies of micropopulations provide the best data from which to reconstruct 
the environments of deposition. F urthermore, quantitative data give promise of being new 
stratigraphic correlation tools, their importance ranking with lithologic and electrical logs. 

Five important basic principles apply to microfossils if they are employed to determine en- 
vironmental conditions. First, microfossils are integral parts of the lithology of shales. Since 
the specimens are particles of sediments, then the fossils and the lithology should be con- 
sidered a closely knit result of the whole environment. Second, specimens are derived simul- 
taneously from the living (biocoenosis), the dead debris (thanatocoenosis), and agents of 
sedimentation (wave action, currents, turbidity currents, mud slides, and organisms). Third, 
in the processes of sedimentation, gravity moves micro-organic remains to deeper locations on 
the ocean floor. Consequently, the upper depth and temperature limits of living organisms 
are the keys to depth and temperature interpretations. Fourth, the use of biological ecology 
data for comparisons with microfossil suites brings in only the biocoenosic elements and 
omits the results of sedimentation. Fifth, geographic distribution and coordination of each 
microfossil suite to the paleogeographic setting are necessary to reconstruct the environment. 


INTRODUCTION basic concepts employed in ecology, sedi- 
mentology, and oceanography. The sub- 
ject is approached here through the fol- 
lowing steps: first, an inventory is made 
of the environmental factors, realms of 
environment, and kinds of microfossils; 
second, qualitative data on the occur- 
rence and distribution of microfossils are 
examined for significant generalizations; 
and third, quantitative studies are ana- 
lyzed for important generalizations. 


Interpretations of depositional en- 
vironments from microfossils are based 
mainly on comparisons of fossil assem- 
blages to micro-organic remains buried 
in recent sea bottom sediments. This 
assumes that the principle of uniformi- 
tarianism is operative. If genera or species 
in a biota are extinct, interpretations 
are made by comparison of associated 
fossils to similar modern organic remains. 
If entire fossil assemblages are extinct, 
interpretations are based on compara- 


ENVIRONMENTAL FACTORS 


tive morphology and associated lithol- 
ogies. 

The principles that apply to micro- 
fossils as environment indicators in 
marine shales are a combination of the 


1 Paper presented at the St. Louis mpetiog 
of S.E.P.M., April 26, 1951, as a part of the 
“Sy mposium on Paleoecology of Shale and 
Evaporite Deposition.” 


The complex nature of organic remains 
in sea bottom muds and fossils in marine 
sedimentary rocks are controlled by the 
following factors: 


Physical 
Depth of water 
Temperature of water 
Light conditions 
Character of bottom sediments 
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Movement of water (waves, currents, and 
turbidity currents) 

Distance from shore 

Morphology of sea floor 

Geographic shape of water body 

Geography of adjacent lands 
Chemical 

Salinity of water 

Hydrogen ion concentration 

Trace elements 

Colloids 

Dissolved carbon dioxide 

Dissolved oxygen 

Nitrogen content 

Carbon (organic) content 
Biological 

Food supply 

Associated organisms 


A complete picture of the environment 
could be obtained if all the factors listed 
could be determined from observations 
of microfossils in sedimentary rocks. 
However, many of these factors have 
not been determined for recent organisms 
and it is doubtful that some of the factors 
could ever validly be interpreted for 
microfossils. 

Considerable qualitative and quanti- 
tative data are now available for the 
comparison of micro-organisms with 
microfossils so as to interpret depth of 
water, temperature of water, light condi- 
tions, character of bottom sediments, 
salinity of water, hydrogen ion concen- 
tration, dissolved carbon dioxide, dis- 
solved oxygen, carbon (organic) content, 
and associated organisms. Some work has 
been done on living micro-organisms and 
their relationship to movement of water, 
distance from shore, trace elements, col- 
loids, nitrogen content, and food supply. 
In these categories practically no work 
on microfossils has been accomplished. 
Lines of research in these directions 
should yield fruitful results. The relation- 
ships of micro-organisms and microfossils 
to the morphology of the sea floor, geo- 
graphic shape of the water bodies, and 
geography of adjacent lands have been 
given some attention but work with 
microfossils requires a great mass of 
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data before interpretations may be made. 
Geographic relationships are normally 
a part of any geologic problem but micro- 
fossil workers have not emphasized this 
phase of their science. 

Interpretations based on microfossils 
are important practical items when con- 
cerned with depth of water, character 
of bottom sediments, distance from shore, 
and geographic shape of the water body. 
Commercial workers are now expanding 
their efforts in these directions. 


REALMS OF ENVIRONMENT 


Marine clays are deposited in various 
environments ranging from the littoral 
downward into the abyssal zones. This 
range is greater than that for any other 
marine sediment (Kuenen, 1950, p. 314). 
Marine shales, likewise, may be inter- 
preted as having been deposited in a 
similar range of environments. The ac- 
companying environment classification 
from an unpublished chart prepared by 
the National Research Council Commit- 
tee on Marine Ecology and Paleoecology 
is adopted as standard and is reproduced 
here with the permission of the com- 
mittee and its chairman, H. S. Ladd 
(fig. 1). 

Special environments such as tidal 
flats and shallow lagoons are included 
in the inner neritic and littoral categories. 
Poorly ventilated (euxinic) basins of 
varying depths and devoid of benthonic 
faunas are difficult to place on the classifi- 
cation chart and probably such basins 
should be added to the standard nomen- 
clature in a special classification. 

A comparison of the temperature 
range charts (fig. 2) with the environ- 
ment classification chart (fig. 1) empha- 
sizes that organisms living in waters to 
depths of about 50 meters withstand a 
wide temperature variation. Organisms 
living in waters from 50 to 200 meters 
in depth have a more restricted tempera- 
ture range and are adapted to moderate 
temperature variations. Below 200 meters 
the temperature range is gradually re- 
stricted downward to a very narrow belt 
near an average of 4 degrees centigrade. 
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CLASSIFICATION OF MARINE ENVIRONMENTS 


tide 
50 Meters 


SEA LEVEL 


BENTHONIC (Bottom) 
SUPRALITTORAL 
LITTORAL 
INNER NERITIC 
OUTER NERITIC 


BATHYAL 
ABYSSAL 


NEKTOPLANKTONIC (Swimmers & Floaters) 
NERITIC-PELAGIC 
OCEANIC-PELAGIC 
BATHYPELAGIC 
ABYSSOPELAGIC 


from Committee one Treatise on Morine Ecology ond Polececology 
4S Lodd, Choiwmon 


OCEANIC -PELAGIC 


Fic. 1.—Classification of marine environments. 


Organisms living in the deeper zones are 
adjusted to only slight variations and 
have a remarkably monotonous tem- 
perature diet. The wide temperature 
variation in waters less than 50 meters 
in depth is related to the depth of sun- 
light penetration. The maximum depth 


TEMPERATURE 


Maximum ond minimum 
bottom temperctures on the 
Atlantic coast ofter 
Parker, 1948 


f Maximum ond minimum water 
temperatures off eastern North 

America ofter Iselin, 1936 and 

Phieger, 1942 ond 1945 


of light penetration and the maximum 
depth at which photosynthesis may take 
place varies for different water bodies. 
Rough estimates (Parker, 1948; Sver- 
drup, Johnson, and Fleming, 1942, pp. 
774-782) indicate that at least 95 per 
cent of the light available for photosyn- 
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Fic. 2.—Temperature ranges of sea water. 
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thesis has been absorbed in water 50 
meters in depth. Thus, the arbitrary 
break between the inner neritic and outer 
neritic zones at the average depth of 50 
meters coincides with the change from 
light to dark and with the change from 
a zone of wide temperature variation 
to a restricted temperature zone. 


KINDS OF MICROFOSSILS 


The chief tools available to micro- 
paleontologists desiring to interpret en- 
vironments are microfossils and micro- 
organisms. The accompanying list di- 
vides microfossils into two groups: first, 
whole organisms, in which the entire 
skeleton or test is commonly preserved; 
and second, embryos, parts, and frag- 
ments. 


WHOLE ORGANISMS 


Plants or Animals 
Coccoliths 
Silicoflagellates 
Dinoflagellates 
Discoasterids 

Plants 
Thallophytes 

Bacteria 
Algae 
Diatoms 
Charaphytes 
Fungi 

Animals 

Protozoa 
Foraminifers 
Radiolarians 

Echinoderms 
Microblastoids 
Microcrinoids 

Bryozoans 

Arthropods 
Crustaceans 

Ostracods 
Branchiopods 
Insects 

Prochordates 

Graptolites 


EMBRYOS, PARTS, AND FRAGMENTS 


Plants 
Spores and Pollen 


Seeds 
Internal structures of woods 
Animals 
Porifera 
Sponge spicules 
Coelenterates 
Sclerodermites 
Annelids 
Worm tubes, setae, castings 
Scolecodonts 
Brachiopods 
Dwarfs and embryos 
Spines 
Molluscs 
Dwarfs and embryos 
Radulae and otoliths 
Echinoderms 
Cystoid, Blastoids, and Crinoid plates 
and columnals 
Echinoid plates and spines 
Asteroid plates 
Ophuroid ossicles 
Holothurian parts 
Arthropods. 
Trilobite dwarfs and embryos 
Crustacean exoskeleton parts 
Vertebrates 
Conodonts 
Fish teeth, scales and otoliths 


Foraminifers have been employed as 
environment indicators to a greater ex- 
tent than any other microfossil group be- 
cause of their widespread geologic and 
geographic occurrences. Further, quali- 
tative and quantitative studies on mod- 
ern foraminifers have shown them acutely 
responsive to their environments. These 
studies have shown direct relationships 
between the occurrences of certain genera 
and species and the limiting environ- 
mental factors such as_ temperature, 
depth of water, or salinity. These rela- 
tionships as established in living assem- 
blages are widely applied to interpret 
similar assemblages in the geologic 
column. 

The use of diatoms, charaphytes, ostra- 
codes, scolecodonts, conodonts, and grap- 
tolites as environment indicators has 
been on a limited basis because the habi- 
tats of these groups have not been fully 
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interpreted. Little work has been ac- 
complished on the dwarfs and embryos 
of brachiopods, molluscs, and trilobites 
but future work will undoubtedly co- 
ordinate them with the adults. Future 
work on microblastoids, microcrinoids, 
and echinoderm fragments should estab- 
lish these as excellent environment indi- 
cators because all are benthonic and 
thus restricted in their mobility. Bryo- 
zoans, like echinoderms, are benthonic 
and are rapidly being applied with suc- 


BRACKISH WATER 
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| SLIGHTLY DILUTED SEA WATER 


dead skeletons from corresponding living 
communities. Greatest concentrations of 
single community skeletons are in sedi- 
ments directly beneath the habitat of 
the living organisms. Brackish water 
benthonic forms such as “B” are de- 
posited upon death as ‘‘b” in brackish 
water muds. However, various transpor- 
tation agencies may scatter the skeletons 
of these brackish water forms on the 
sea floor slope beyond the realm of the 
brackish water. Neritic benthonic forms 
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UPPER TEMPERATURE 
AND DEPTH LIMITS OF 
COMMUNITY “A 


cess to environmental problems. The re- 
maining groups on the list are open fields 
for research because little is known about 
them now. 


QUALITATIVE STUDIES 


Marine micro-organisms live and die 
within community boundaries. When the 
organisms die the skeletons are potential 
microfossils and become part of the 
debris that will eventually be incorpo- 
rated in sediment. The distribution of 
dead skeletons is controlled by the origi- 
nal distribution of the living organisms 
plus the scattering ability of gravity, 
wave action, currents, mud slides, tur- 
bidity currents, and scavengers. 

A theoretical distribution of some 
micro-organisms and the resulting dis- 
tribution of dead skeletons is diagramed 
on figure 3. The large letters represent 
living communities. The small letters 
represent sea bottom accumulations of 


UPPER TEMPERATURE 
AND DEPTH LIMITS OF 
COMMUNITY "E" 


Fic. 3.—Distribution of micro-organisms and their remains. 


Depth in meters 


such as ‘‘N”’ are deposited upon death 
as ‘‘n’’ in neritic muds but may also be 
scattered by waves, currents, gravity, 
mud slides, and turbidity currentsdown 
the sea floor slope. If the neritic com- 
munity is living in shallow water some 
skeletons may be transported by wave 
action up the slope and into the brackish 
lagoons. Communities such as ‘“‘A’’ and 
“E”’ that live below the level of normal 
wave action supply skeletons ‘‘a’’ and 
“e”’ respectively to muds immediately 
below the communities and to muds down 
the slopes. With the exception of random 
scavenger action, skeletons from these 
communities do not move up the slope. 
Sessile communities such as “Y’’ supply 
skeletons ‘‘y’’ to the sea floor muds in the 
immediate area of growth. A few skele- 
tons may be unanchored and move down 
the sea floor slope but this detachment 
and movement downward is not as prev- 
alent as in unattached forms. The lack 
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of mobility of sessile forms suggests they 
are excellent indicators of depth and 
temperature of the sea floor. ; 

Planktonic and pelagic communities 
such as ‘‘P”’ may supply skeletons ‘‘p’’ 
to any environment but naturally the 
greatest concentrations will be immedi- 
ately below the living communities. This 
concentration may he masked by a pro- 
lific benthonic accumulation. Planktonic 
and pelagic communities such as ‘“G”’ 
may live within limited depth ranges 
below the surface of the sea. These com- 
munities shower the sea floor below with 
skeletons of ‘‘g’’ and like the upper limit 
of certain benthonic communities are not 
deposited in muds above the level of the 
living habitat. 

Evidence by Parker (1948) shows that 
pelagic foraminifers such as Globigerina 
require undiluted sea water to thrive. 
Where large rivers dilute the coastal 
waters Globigerina do not inhabit the 
near shore waters and consequently do 
not supply skeletons to the near shore 
muds. On the other hand, beach sands of 
the Fiji islands (Crickmay, Ladd, and 
Hoffmeister, 1941), are composed of 
Globigerina tests because Globigerina live 
close to shore in water undiluted by large 
rivers. 

Swimmers may supply skeletons ‘‘s”’ 
to any environment. Swimmers have 
mobility and distribute their skeletons 
haphazardly and later the skeletons are 
subject to all of the agencies of trans- 
portation for further scattering on the 
sea floor. 

Two broad_ generalizations about 
microfossils are based on the distributions 
shown on the theoretical diagram in 
figure 3: first, benthonic microfossils, 
because of their relative lack of mobility, 
are the chief indicators of depth, tem- 
perature, amount of light, composition 
of the water, and bottom conditions; 
second, pelagic, planktonic, and nektonic 
microfossils with their greater mobility 
and wider distribution overlap into a 
variety of sedimentary environments in- 
dicating only broad latitudinal bounda- 
ries of temperature and salinity. As a 
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corollary to the distribution of micro- 
fossils the upper depth and temperature 
limits are far more important for inter- 
pretation of environments than the 
lower limits because the lower limits are 
masked by the distribution of skeletons 
scattered by various transporting agents, 
especially gravity. 

If dead skeletons become particles of 
the sediments, then microfossils are an 
integral part of the lithology of sedi- 
mentary rocks. Workers in the field of 
micropaleontology have not consistently 
tied lithology and fossil occurrences to- 
gether. The micropaleontological arti- 
cles in the Journal of Paleontology were 
reviewed from 1940 through 1950 to 
determine whether the lithology of the 
host rock was described with the micro- 
fossils. The results of this analysis are 
shown on figure 4. Twenty-three per cent 
of the papers in these eleven volumes 
failed to mention lithology. Four of the 
17 microfossil papers in the 1950 volume 
failed to note the lithology of the rocks 
yielding the described fossils. These 
facts are important in our particular 
problem because many of these papers 
described fossils that may have oc- 
curred in shales. It would be impossible 
to determine from the printed articles 
what lithology contained the fossils. 
Such an item of omission is important 
to future writers and and to future edi- 
tors. 

Depth, temperature, and salinity as 
related to the distribution of living 
foraminifers have been the subjects of 
studies by Norton (1930), Natland 
(1933), Phleger (1942, 1948), Phleger 
and Hamilton (1946), Phleger and Wal- 
ton (1950), Parker (1948), Lowman 
(1949), and Said (1950). These workers 
have shown certain patterns of occur- 
rences among foraminifers based on sam- 
ples gathered from the sea floor. Figure 5 
shows a simple application of the knowl- 
edge of modern Foraminifera distribution 
as applied to a detailed study of the 
Marquez shale of the lower Claiborne, 
Eocene, of the Gulf Coastal Plain of 
Texas. The interpretation of the environ- 
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mental conditions is based wholly on the 
qualitative distribution of kinds of 
foraminifers. The distribution chart is 
made so that genera indicating deeper 
water are plotted on the right side. This 
arrangement not only emphasizes the 
paleoecologic conditions but is also useful 
in detailed stratigraphic correlations. 
Qualitative microfossil data have 
greater value for interpretative purposes 
if the data are assembled with geographic 
relationships. The emphasis on geography 
and paleogeography is seldom made a 
part of micropaleontological studies. 
Figure 6 is an example showing the paleo- 
geographic setting of the Woodford black 
shale which contains abundant cono- 
donts and spores. The evidence support- 
ing the interpretation that the Wood- 
ford shale may have been deposited in 
relatively deep stagnant waters is more 
convincing in the light of the paleo- 
geographic studies (Ellison, 1950, p. 16). 


QUANTITATIVE STUDIES 


A mathematical approach to environ- 
ment interpretations by quantitative 
micropopulation studies, although tedi- 
ous and slow, promises to be the firmest 
basis for paleoecological investigations. 
If it is assumed that microfossils are 
particles of sediments and integral units 
of sedimentary rocks, then, the mathe- 
matical approach will be along the same 
lines now being employed for sedimentary 
analysis. Composition, quantity, and 
particle size, shape, and arrangement are 
the factors commonly determined for 
sediments and likewise may be deter- 
mined for microfossils. Composition as 
applied to microfossils may mean species, 
genus, family, or ecological group. Com- 
position, in some cases, may indicate 
shape. For example, to mention globi- 
gerinids and fusulinids would give a 
definite impression of shapes. Micro- 
fossil size studies may be made by screen- 
ing in the same fashion that ordinary 
sediments may be screened. Arrangement 
of microfossils may be studied with 
polished sections and thin-sections in the 
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same way that sedimentary fabrics are 
studied. 

Probably the most significant factor 
to be determined is the quantity of micro- 
fossils or micro-organisms. Population 
counts have not been on a standardized 
uniform basis and as a result most of the 
data can not be correlated. Most workers 
have estimated numbers on a semi- 
quantitative basis where each worker 
defines his own limits for the terms very 
rare, rare, common, abundant, and very 
abundant. The limits may be related to 
a specific volume of original rock, a 
specific weight of original rock, a specific 
volume of concentrated fossil residue, a 
specific weight of ,concentrated fossil 
residue, or merely a percentage relation- 
ship of a random collection of specimens. 

The following investigators have made 
quantitative microfossil and micro-or- 
ganism studies; Norton (1930), Natland 
(1933), Schott (1935), Brotzen (1936), 
Phleger (1942, 1948), Phleger and Hamil- 
ton (1946), Phleger and Walton (1950), 
Tromp (1939, 1940, 1941, 1943, 1949), 
Tromp and Tasman (1942), Hoglund 
(1947), Parker (1948), Morischima 
(1948), Oinomikado and Stach (1948), 
Renz (1948), Isrealsky (1949), Lowman 
(1949), and Said (1950). Said’s (1950) re- 
view of the literature indicates that the 
most significant development is Schott’s 
suggestion of a standard term ‘‘foramin- 
iferal number.”’ This termis defined as the 
number of foraminifera contained in 1 
gram of dry original sediment or rock. 
Said (1950, p. 14) expands this term by 
suggesting that there should be a “‘pelagic 
number’ and a “benthonic number.” 
Such standardized numbers would be ex- 
tremely useful in the quantitative com- 
parison of micropopulations. There are, 
however, other microfossils and micro-or- 
ganisms in addition to foraminifers and it 
is proposed here that the standard terms 
“microorganism number” and ‘“‘microfos- 
sil number’ be employed to mean the 
number of micro-organisms or microfossils 
in 1 gram of dry original sediment or rock 
respectively. The proposed term ‘‘micro- 
fossil number”’ will give a true measure of 
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abundancy and may be converted to per- 
centage relationships. Random percent- 
age counts cannot, however, be converted 
to microfossil numbers unless the per- 
centage counts are based on a definite 
amount of original host rock. 

The usefulness of ‘‘microfossil num- 
bers” is not fully understood yet be- 
cause accumulation of data is laborious 
and the amount of data available is 
meager. However, in a preliminary sur- 
vey the idea of micropopulation studies 
seems to be readily applicable to prac- 
tical stratigraphic correlations. Figure 7 
is a chart showing micropopulation 
counts taken directly from Israelsky’s 
(1949) classical quantitative study. The 
actual counts are used here as if they 
were “microfossil numbers.”” There are 


several distinct zones in the geological 
column of the well examined by Israelsky 
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and it is probable that such curves can be 
duplicated in adjacent wells. Correlation 
of these curves may be compared to cor- 
relation of electric logs and radioactive 
logs. 

Amato (1950) in an unpublished Mas- 
ter’s thesis directed by Benjamin Burma 
at the University of Nebraska applied 
Israelsky’s methods to a well adjacent to 
the well analyzed by Israelsky. The re- 
sults showed a definite correlation be- 
tween the two wells. Actual counts were 
not recorded in Amato’s thesis and, 
therefore, a condensed chart similar to 
figure 7 was not constructed from 
Amato’s work. Both Israelsky and 
Amato indicate that considerable time is 
consumed in making the population 
counts and it is clear that the method 
will become more useful only after 
shorter methods of counting are devised. 
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THE DEPOSITIONAL ENVIRONMENT OF RED AND GREEN SHALES' 
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ABSTRACT 


Mineralogical analyses of a series of Paleozoic shales from Illinois show that illite and 
chlorite are present in all of them with the former the dominant component. Kaolinite is some- 
times present in minor amounts. A review of the literature, regarding the occurrence of the 
clay minerals and an analysis of the general environmental conditions favorable for the forma- 
tion of the various clay minerals, indicates that marine shales are likely to be composed of the 
mica clay minerals, sometimes with minor amounts of kaolinite, and that nonmarine shales are 
likely to have kaolinite as a prominent component with lesser amounts of the three-layer clay 


minerals. 


The probable diagenetic changes in marine argillaceous sediments are discussed, and it is 
suggested that there are two stages of such changes; namely, a rapid development of well 
crystallized mica from “‘degraded illite” and ‘‘degraded chlorite” taking place about as rapidly 
as such material is brought to the sea, and a slow gradual change of montmorillonite and kao- 


linite to the micas. The relation of these changes to variations in the environment, in the source 
material, and rate of accumulation are considered. 


INTRODUCTION 


Clay mineral studies have reached the 
point where some generalities regarding 
the occurrence of particular clay minerals 
in argillaceous sediments of various 
types and modes of origin can be made. 
These investigations, together with stud- 
ies of the synthesis of clay minerals and 
their origin in soils, have indicated, in a 
general way, the environmental condi- 
tions under which the various clay miner- 
als are stable. It is proposed herein to 
consider the implications of the generali- 
ties derived from such studies on the dep- 
ositional environment of argillaceous 
sediments, particularly red and green 
shales. 

No attempt will be made to define 
“shale’’ as it is not essential to these 
remarks. Some consideration, however, 
will be given to the clay mineral composi- 
tion of sediments other than those which 
would be classed as shales, since that is 
necessary for an understanding of the 
matter at hand. 


1 Paper presented at the St. Louis meeting 
of S.E.P.M., April 26, 1951, as a part of the 
“Symposium on Paleoecology of Shale and 
Evaporite Deposition.” 


CLAY MINERAL COMPOSITION OF THE 
PALEOZOIC SHALES OF ILLINOIS 


The writer, with W. F. Bradley and 
W. A. White, former colleagues on the 
Illinois Geological Survey, have for 
many years studied the composition of 
the Paleozoic shales in Illinois. This work 
has shown that the dominant clay miner- 
al in all of these shales is illite. A chloritic 
clay mineral is present in almost all 
of them, usually in relatively small 
amounts. Kaolinite is frequently, per- 
haps usually, completely absent, and 
when present at all, it is not abundant. It 
is important that kaolinite is most com- 
mon and most abundant in shales of 
late Mississippian and early Pennsyl- 
vanian age. None of these shales, in 
an unweathered state, contain substan- 
tial amounts of montmorillonite or of the 
attapulgite-sepiolite clay minerals. 

Quartz is a frequent component— 
sometimes in considerable abundance. 
The shales vary in color from red to 
green, gray, and black. Some of them 
are calcareous and some have abundant 
sideritic concretions. 
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CLAY MINERAL COMPOSITION OF THE 
PENNSYLVANIAN UNDERCLAYS OF 


ILLINOIS 


Grim and Allen (1938) have shown that 
the so-called underclays, occurring be- 
neath the lowermost Pennsylvanian coals 
in Illinois, are largely composed of 
kaolinite. The underclays beneath higher 
coals are composed of illite without any 
kaolinite. It is important that in the 
Pennsylvanian section in Illinois where 
the shales contain appreciable kaolinite, 
the underclays are composed of kaolinite, 
but where the underclays are illitic, the 
shales contain substantially no kaolinite. 

The illitic underclays are generally 
calcareous. The writer knows of no 
calcareous underclay that is kaolinitic. 
It appears that the composition of the 
underclays has not undergone substantial 
change since their accumulation. In some 
of the illitic underclays, the uppermost 
part directly beneath the coals has been 
leached of its carbonate without any 
appreciable change in the clay mineral 
composition. 


GENERAL CONCLUSIONS REGARDING 
THE OCCURRENCE OF CLAY 
MINERALS IN SEDIMENTS 


Ina very important recent work, Millot 
(1949) has published clay mineral analy- 
ses for a large number of samples of 
sediments whose origin is well established 
on the basis of paleontologic or strati- 
graphic evidence. He shows that in ma- 
rine sediments, illite is the dominant clay 
mineral; if the sediments are calcareous, 
kaolinite is generally absent; if non- 
calcareous, kaolinite is sometimes pres- 
ent in minor amounts; chlorite and hy- 
drobiotite are usually present in minor 
amounts; montmorillonite is generally 
absent. In sediments of lagoonal origin, 
illite is usually the dominant clay miner- 
al; montmorillonite or attapulgite-sepio- 
lite is occasionally the dominant com- 
ponent; hydrobiotite and chlorite are 
common but always of minor importance; 
kaolinite is usually absent and never 
makes up more than about 30 per cent 
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of the sediment. In aggressive? lacustrine 
sediments, kaolinite is the dominant 
component; illite is frequently absent 
and never makes up more than 30 
per cent of the total; other clay miner- 
als, except attapulgite-sepiolite, may be 
present in minor amounts. In calcareous 
lacustrine sediments, illite appears to be 
the dominant component. 

Grim, Lamar and Bradley (1937) have 
shown that illite is generally the domi- 
nant component of any clay present in 
the limestones and dolomites in Illinois. 
Kaolinite is usually completely absent 
or only a minor component but, in a 
few samples it was the dominant clay 
mineral. Montmorillonite was generally 
not observed, but it is now known that 
the techniques available at the time these 
studies were made would not have re- 
vealed small amounts of this mineral. 

The clay minerals in the coals of IIli- 
nois, England, and Germany, have been 
studied by Ball (1934), Hicks and Nagel- 
schmidt (1943), and Endell and Endell 
(1943). In each case, kaolinite is the 
dominant clay mineral component and 
frequently the only one present. 

The writer has made clay mineral 
analyses of several hundred miscellaneous 
samples of a large variety of argillaceous 
sediments from all over the world. Out 
of this work have come the following 
conclusions which are believed to be 
based on sufficient analyses to have 
general significance. 

a) Samples called shales, because of 
their laminated character and hardness, 
are usually largely composed of illite; 
chloritic mica is usually present; kaolinite 
is usually absent; montmorillonite is 
usually absent. In kaolinitic sediments, 
any lamination is usually due to the 
presence of thin beds of varying composi- 
tion rather than to an aggregate orienta- 
tion of particles, e.g., flake-shaped units. 

b) Kaolinite is generally absent in 


2 Millot classifies as ‘‘aggressive,”’ a lacus- 
trine environment in which the water is fresh 
and movement is adequate to carry away 
alkalies and alkaline earths. 
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marine sediments and in calcareous sedi- 
ments. 

c) There is very little montmorillonite 
in sediments older than the Mesozoic. 
The writer knows of no thick sediments, 
like the Pierre shale (Upper Cretaceous) 
and Porters Creek (Eocene), which are 
rich in montmorillonite in the older 
sediments. Some thin beds of mont- 
morillonite are known in these older 
sediments. For example, there are thin 
streaks of montmorillonite in the Or- 
dovician limestones of northern Illinois. 

d) Calcareous or dolomitic sediments 
are likely to contain illite, and/or mont- 
morillonite. The latter component is 
particularly evident in younger forma- 
tions. 


CLAY MINERAL COMPOSITION OF 
‘RECENT SEDIMENTS 


Much remains to be learned about the 
clay mineral composition of Recent sedi- 
ments. Some data are available, however, 
based on the work of Correns (1937), 
Dietz (1941), Grim, Bradley and Dietz 
(1949), and others (Leinz, 1937, Revelle, 
1936). In Recent marine sediments illite 
appears to be universally present and 
almost always the dominant component. 
Kaolinite, montmorillonite and chlorite 
are probably usually present also, but 
in minor amounts. Occasionally, probably 
because of local variations such as near- 
ness to a particular source, kaolinite or 
montmorillonite is the major component. 
There is a suggestion, based primarily 
on the work of Leinz (1937) that kaolin- 
ite is relatively less abundant in highly 
calcareous sediments, e.g. globigerina 
ooze. Neither Correns (1938) nor Grim, 
Bradley and Dietz (1949) found any 
appreciable vertical variation in the com- 
position of the core samples they studied. 
Nevertheless, Dietz (1941) presents defi- 
nite evidence that illite is forming in 
Recent marine sediments, and Grim, 
Bradley, and Dietz (1949) suggest that 
illite and chlorite are being formed and 
that kaolinite is being lost in at least 
some of the samples studied by them. 

Too little information is available on 
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Recent non-marine sediments to permit 
very trustworthy generalizations. It ap- 
pears, however, that all types of clay 
minerals may be present, except that in 
calcareous material, kaolinite is absent 
or relatively unimportant and in highly 
alkaline desert sediments, the attapul- 
gite-sepiolite clay minerals are likely to 
prevail. 


COMPARISON OF THE CHARACTER OF 
RECENT AND ANCIENT SEDIMENTS 


Again the analytical data are not ade- 
quate for positive generalizations but the 
following conclusions seem to be war- 
ranted. 

There is relatively less montmorillonite 
in ancient sediments, suggesting that 
montmorillonite must, therefore, be 
changed to some other clay mineral, at 
least under some conditions of diagenesis 
or later processes. Kaolinite is relatively 
less abundant in ancient marine sedi- 
ments and it also must frequently under- 
go a change to some other clay mineral 
in the marine environment or later. 

Illite and the chloritic clay minerals 
are even more abundant in ancient sedi- 
ments than in Recent sediments, particu- 
larly in those of marine origin; hence 
these clay minerals must form sometime 
during diagenesis or later. 

Ancient sediments frequently are hard- 
er than Recent sediments even though 
their clay mineral composition may be 
exactly the same. Also an aggregate 
parallel orientation of clay mineral com- 
ponents seems to be more common in 
ancient sediments. 


STABILITY CONDITIONS OF THE 
CLAY MINERALS 


Studies of the synthesis of the clay 
minerals in the laboratory, particularly 
by Noll (1935), and of the genesis of the 
clay minerals in soils by many investiga- 
tors, have suggested the following gener- 
alities: 

Kaolinite is favored by an environ- 
ment of low pH, where leaching is active 
and alkalies or alkaline earths are either 
absent or removed as rapidly as they are 
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liberated from the primary minerals. The 
presence of calcium retards or hinders 
the formation of this clay mineral. 

Illite is favored by an alkaline environ- 
ment and the presence of potash. 

Montmorillonite is favored by an alka- 
line environment and the presence of 
magnesium. Indeed, some magnesium 
seems to be essential for the existence of 
this clay mineral. 

Chlorite also requires an alkaline en- 
vironment and magnesia. Probably the 
requirement of magnesium is higher for 
chlorite than for montmorillonite. In 
general, the three-layer clay minerals are 
favored by alkaline conditions and in 
such an environment the character of the 
alkali or alkaline earth is a dominating 
factor. 

The sepiolite-attapulgite-palygorskite 
clay minerals seem to be favored by a 
very high pH and the very high content 
of alkalies and alkaline earth found in 
dry desert basins. 


DIAGENETIC AND LATER CHANGES 
UNDER MARINE CONDITIONS 


The marine environment is an alkaline 
one in which no leaching takes place and 
the water contains considerable dissolved 
calcium. It, therefore, favors the per- 
sistence or formation of illite, chlorite 
and montmorillonite. Kaolinite should 
not form and perhaps would not persist 
if formed. 

Land derived debris carried to the sea 
must consist of all types of clay minerals 
with the relative abundance of particular 
clay minerals varying, depending on the 
conditions in the source area. Any large 
area of accumulation, fed by a source 
area of some size and diversity of climate 
and topography, would probably receive 
material containing all types of clay 
minerals. It seems certain that a major 
part of the mud carried to the sea in 
many areas is degraded illite or chlorite. 
The degraded minerals represent material 
that has been somewhat leached of its 
constituent alkalies or alkaline earths in 
weathering processes, but not sufficiently 
to transform it into new minerals. In 
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the case of degraded illite, only some of 
the Kt has been leached from between 
the silicate unit layer. Such degraded 
minerals would have structural deficien- 
cies for alkalies and alkaline earths and 
would quickly adsorb any available K+ 
or Mgt*, with attendant increase in the 
perfection of the mica structure. It seems 
likely that such reconstitution of the 
micas is a most important diagenetic 
process. It should take place about 
contemporaneously with accumulation 
and would not, therefore, be reflected in 
any vertical change in composition of 
core samples. It would serve continuously 
to keep down the composition of Kt and 
Mg** in the marine environment. 

It seems certain that chloritic mica and 
illite also form from other minerals 
during marine diagenesis. Thus illite, and 
possibly chlorite, probably form from 
montmorillonite and possibly from kaolin- 
ite. It seems likely that such diagenetic 
changes are very slow, and from the 
occurrences of kaolinite and montmorillo- 
nite in some ancient sediments, it is 
obvious that the changes may never 
occur, or at least never be completed. 
Little can be speculated on the factors 
that influence the rate of these slow 
changes or their failure to occur at all 
in some instances. Undoubtedly the rate 
of accumulation with the relative abun- 
dance of K+ and Mgt* must be important; 
the nature of the source material, possi- 
bly poorly crystallized kaolinite, is more 
susceptible than well crystallized kaolin- 
ite; the oxidizing or reducing nature of 
the environment may be significant, but 
as yet there is no definite indication one 
way or the other for the importance of 
this factor; and the presence and char- 
acter of organic material may be of sig- 
nificance but again the possible influence 
is not clear. 

The change from montmorillonite to 
illite or chlorite is a very simple one 
structurally. A montmorillonite with K* 
or Mgt as the adsorbed ions, on drying 
under some conditions will have char- 
acteristics like illite or chlorite respec- 
tively. Thus, much of the montmorillo- 
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nite in recent sediments, on compaction 
and dehydration and the consequent 
removal of the adsorbed water from 
between the unit silicate sheets, will be 
transformed into an illite or a chlorite 
depending on the ion present. Much of 
the illite and chlorite in ancient sediments 
was probably formed in this way, after 
the sediment was removed from the en- 
vironment during drying and compaction. 
Montmorillonite would persist until sub- 
stantially complete loss of adsorbed 
water. Since the mineral transformations 
and compaction are going on simul- 
taneously, the resulting product would 
probably show an aggregate orientation 
of the clay minerals. Degree of parallel 
orientation in relatively nonmetamor- 
phosed sediments may be a measure of 
the amount of this mineral alteration 
during compaction. 

The hardness or slakability of sedi- 
ments is to a considerable extent de- 
pendent on the adsorbed water between 
the clay mineral particles. As the water 
film is removed, the attraction between 
particles due to van der Waals and ionic 
forces becomes more powerful. When 
the clay minerals lose substantially all 
of their adsorbed water, they either 
will not rehydrate at all or only with 
considerable difficulty. The changes out- 
lined, therefore, as taking place during 
compaction would be accompanied by a 
hardening of the material and a loss of 
slakability. 

The nature of the marine environment 
and diagenetic changes in it are such, 
that variations in the character of the 
source material might be reflected in the 
sedimentary accumulation. For example, 
a kaolinitic marine sediment means a 
kaolinitic source. Also, it means a rela- 
tively rapid accumulation with the per- 
sistence of kaolinite through an environ- 
ment fundamentally unfavorable for it. 
A completely micaceous marine sediment 
means a source area producing little 
kaolinite and/or extremely slow accumu- 
lation. It seems likely that source materi- 
al containing a considerable amount of 
kaolinite would yield a marine sediment 
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in which at least some kaolinite persisted 
unless deposition was very slow. 


Glauconite 


Glauconite is a member of the illite 
group of clay minerals that has certain 
rather unique characteristics and is 
generally believed to form during marine 
diagenesis. Many investigators have re- 
corded the frequent association of glauco- 
nite and organic residues and it has been 
generally concluded that the presence of 
organic material is necessary for its 
formation. 

Galliher (1935) has shown that some 
glauconite has formed as an alteration 
product of biotite with the alterations 
taking place under reducing conditions 
and slow deposition. Unless deposition 
is slow, so that alteration takes place 
before burial, the biotite persists. Hen- 
dricks and Ross (1941) have reviewed 
the literature which shows that minerals, 
other than biotite, may alter to glauco- 
nite in a marine environment. 

Hadding (1932) showed that glauco- 
nite occurs as flakes and as pigmentary 
material, in addition to the well known 
large rounded pellets. According to Had- 
ding, glauconite forms in the shallow sea 
in agitated water which is not highly oxy- 
genated. It forms during times of de- 
creased accumulation of sediment and 
often during negative sedimentation. 
Revelle (1936) also has emphasized that 
glauconite is currently forming off coasts 
lacking important rivers where deposition 
is slow. Hendricks and Ross (1941) con- 
clude that the mineral is formed in a 
reducing environment maintained by 
bacterial action—the environment prob- 
ably remaining unchanged for long inter- 
vals of time. The very uniform content 
of magnesium and the rather constant 
ratio of Fet** to Fe** indicate that a 
critical content of magnesium and a 
particular oxidation-reduction potential 
might be required for glauconite to form. 
The ratio of Nat to K* in glauconites is 
rather distinctive, suggesting that a cer- 
tain concentration of these ions is also 
required. 


th 
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DIAGENETIC CHANGES UNDER NON— 
MARINE CONDITIONS 


Almost no data are available on this 
subject, but it would seem likely that 
there would be little diagenetic change 
as a general thing. Under conditions 
where there was a paucity of alkalies and 
alkaline earths, kaolinite would be the 
stable form. In an environment where 
there is aggressive water, e.g., in certain 
lakes, kaolinite may actually form from 
the three layer minerals after accumula- 
tion. If water movement is so sluggish 
that alkalies and alkaline earths tend to 
increase in concentration, then illite, 
chlorite, or montmorillonite may form, 
depending on the particular cations that 
are prevalent. If the salt concentration is 
very high, as for example in salt pans, the 
sepiolite-attapulgite-palygorskite miner- 
als may result. 


COLOR OF ARGILLACEOUS SEDIMENTS 


The color of argillaceous sediments is a 
large subject on which much has been 
written. It is desired to consider here only 
a few points that follow from the fore- 
going discussion. 

A red or green argillaceous sediment 
means the absence of appreciable organic 
material. Kaolinite is colorless; chlorite 
is green; illite is green, yellow, or black; 
as far as the writer knows, no red illite 
has been found. Montmorillonite may be 
white, yellow, red, green, or gray, de- 
pending on its composition. 

In the author’s experience, red argil- 
laceous sediments, except in rare cases, 
are red because of pigmentary red iron 
oxide or hydroxide, rather than because 
of the clay mineral component. This is 
probably true also for yellow sediments, 
but to a lesser extent. A red color, there- 
fore, is due to a supply of ferric iron 
oxide or hydroxide from the source area, 
and probably to an oxidizing environ- 
ment preserving the higher state of oxi- 
dation; or, red color may be due to vigor- 
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ous oxidizing conditions tending to oxi- 
dize any nonferric iron added to the en- 
vironment, and to liberate ferric iron 
from the structures of the iron-bearing 
silicates. In any case, red or yellow 
color probably means oxidizing condi- 
tions. One can conceive, however, of an 
area of rapid accumulation having very 
mild reducing conditions, in which yel- 
low or red material might be present be- 
cause of rapid burial. It seems likely that 
ferric iron would tend to resist incorpo- 
ration in the lattice of clay minerals 
developed during diagenesis more than 
ferrous iron, i.e. red sediments would 
tend to stay red. 

Under reducing conditions whereby 
the iron was changed to the ferrous state, 
one might expect that the iron would be 
incorporated either in the clay minerals or 
perhaps in carbonates—in any case the 
color would not be red, but perhaps green, 
gray or even black. Green color, how- 
ever, does not necessarily mean a reduc- 
ing environment on the basis of present 
data, since the chlorite clay mineral is 
green, and there is no reason to believe 
it requires a reducing environment for 
its formation. 

In general, the color probably depends 
on whether oxidizing or reducing condi- 
tions prevail, and on the source material. 
In an aqueous environment, conditions 
may vary from oxidizing to reducing, de- 
pending on the topography of the bot- 
tom, water movement, rate of sedimen- 
tation, presence of organic material, and 
possibly other factors. The cause and 
effect of these factors on oxidation and 
color is complicated. This is illustrated 
by the genesis of glauconite which ac- 
cumulates under conditions of slow or 
negative sedimentation and a general 
environment suggesting oxidation where- 
as the environment actually is probably 
reducing, perhaps because of bacterial 
action as suggested by Hendricks and 
Ross (1941). 
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ABSTRACT 


The structural setting of Gulf of Mexico sedimentation is outlined against a backdrop of 
Tertiary stratigraphy. Regional biotic and lithic facies are described and examples of typical 
interrelationships are given. Some possible applications are suggested. 


INTRODUCTION 


Ten years ago it probably would have 
seemed odd to introduce a paper on 
Recent sediments with references to 
Tertiary structural history. Today it 
probably seems commonplace—and prop- 
erly so. 

There is a very close correlation be- 
tween the present sediments of the 
northern Gulf of Mexico and the sedi- 
mentary tectonic history of the late 
Tertiary. So much so that it is hard to 
see how we could interpret one without 
the other. 

To begin with, the Recent and Ter- 
tiary sediments have strikingly similar 
patterns of distribution in the northern 
Gulf of Mexico region. Both are predom- 
inately sandstone and shale in the west, 
and limestone in the east. In both of them 
the major facies divisions are distributed 
in broad bands roughly parallel to the 
present coast. Facies criteria can be de- 
veloped in the Recent and applied to the 
Tertiary. This is the contribution of the 
Recent to the over-all picture. 

The Tertiary on the other hand gives 
information on the behavior of the 
facies in depth. All stratigraphic units in 
the Tertiary thicken in a seaward direc- 
tion. There is gradual thickening of each 
major unit from continental deposits 


1 Paper presented at the St. Louis meeting 
of S.E.P.M., April 26, 1951, as a part of the 
“Symposium on Paleoecology of Shale and 
Evaporite Deposition.” 


to shore-line deposits to shallow marine 
deposits and so on. 

Such a sedimentary history indicates 
that the continuously subsiding Con- 
tinental Shelf has been built up and 
maintained at wave base by an inflow 
of sediments. There is no hint of a wave- 
cut shelf such as is postulated for some 
areas. 

The form of the present Shelf fits this 
hypothesis very well. This floor is rela- 
tively flat and gently sloping. It is marked 
by raised ridges, knobs, banks and shoals 
of sediment, all of which add to the im- 
pression that it is a constructional fea- 
ture rather than a wave-cut bench. The 
subdued canyon off eastern Louisiana 
with its landward end filled with sedi- 
ment contributes further to the same 
impression. 

Sedimentation in the northwestern 
Gulf region apparently proceeds by a 
rapid alternation of deposition, erosion, 
transportation, and deposition again, 
as storm waves pick up fine sediment, 
transport it and redeposit it farther 
seaward. (Many bays and lagoons are 
floored with mud and silt; their depth 
is proportional to their width, because 
the width controls the size of the waves, 
and the waves control the depth.) It ap- 
pears probable that in periods of calm, 
the curing of the sediments would begin 
again in the uppermost realm of diagene- 
sis, only to be interrupted by another 
storm. Gradually, as the bottom sinks, 
the sediments would be buried to a depth 
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at which they no longer would be reached 
by storm-wave erosion. In this way fine 
sediment could be deposited at wave 
base. It can be deposited above wave 
base, as in the case of the bird-foot delta 
of the Mississippi which has built a pier 
of mud and silt 60-miles seaward in a few 
hundred years, right into the teeth of 
Gulf Coast hurricanes. Enough material 
is being brought to the Delta by the river 
to repair the damage and build new por- 
tions of the delta each decade. 


CYCLICAL PATTERNS IN THE TERTIARY 


The sediments of the Tertiary are 
typically arranged in cyclical patterns. 
Each cycle begins with a minor trans- 
gression, as in the Nonionella cockfielden- 
sts zone of the Jackson (U. Eocene) or 
the Marginulina zone of the Anahuac 
(Oligocene or Miocene). 

This is followed by the main trans- 
gression, accompanied by relatively clear 
water deposits as in the Moody branch 
and Heterostegina zone. 

Then follows the progressively regres- 
sive turbid-water deposits as in the Dis- 
corbis zone and the Catahoula (U. Oligo- 
cene or Miocene) 

There is a strong suggestion in the 
clear-water, transgressive phase, that 
the transgression is due to decrease in 
rate at which sediments are brought into 
the area of deposition—rather than in- 
crease in rate of subsidence. In either 
case, the main pulse of the transgression 
need not have reached different parts of 
the regions at the same time. 

The regional configuration of the 
modern Shelf supports this conclusion. 
Areas of major sedimentation like the 
Mississippi River Delta are regressive. 
The Mississippi River has built its delta 
seaward out to the edge of the Shelf. 
On the other hand, the Shelf off western 
Louisiana, where there are no large riv- 
ers, is 150 miles wide. Here there are 
limestone banks and other earmarks of 
transgressive deposition. Sediments de- 
posited in these two areas might be inter- 
preted, when deeply buried as occupying 
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different positions in the sedimentary 
cycle, yet they are contemporaneous. 


NERITIC FACIES IN THE RECENT 


Another feature of the cycles in the 
Gulf region is that their area of typical 
occurrence is quite restricted—landward 
they grade into continental shales and 
sands, seaward they grade into solid 
shale sections. Eastward they grade into 
solid limestone of the Florida section 
and southward they grade into more 
sandy beds of the Rio Grande embay- 
ments. Incidentally, the major oil trends 
occur in the areas of well-developed 
cyclical patterns. 

The sediments of the Continental 
Shelf west of the Mississippi, and east 
as far as Mobile, are predominately dirty 
sand and mud with very abundant small 
foraminifera. The beaches are dirty, fine 
grained sand. 

At Pensacola on the east the beaches 
are sparkling white, medium grained 
sand. This condition extends outward 
across the continental shelf to about the 
twenty fathom line, some forty miles 
offshore. The sand is richly fossiliferous, 
but all samples from the sandy area of 
the Shelf are devoid of mud. Molluscs are 
common and foraminifera are very abun- 
dant. Many of the species occur at about 
the same depth that they occupy in the 
turbid western gulf region. But there are 
also conspicuous additions such as Gypsi- 
na, Asterigerina, Amphistegina, and 
several others which are abundant in 
the clean bottom-waters of the eastern 
area. These genera are totally lacking in 
the turbid waters to the west where 
Pulvinulinella, Nonion, Nonionella, Ro- 
talia and Elphidium are the most abun- 
dant genera above the twenty fathom 
line. Exceptions occur in the western 
Gulf region on high banks where the 
faunal facies of the eastern Gulf region 
finds refuge in clear water. 

The sediments of the middle Shelf also 
are very different in the eastern and 
western Gulf. To the east they are made 
up of shell material that covers an area 
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between the twenty and forty fathom 
lines. Rod-like algae and foraminifers pre- 
dominate, but pelecypods, brachiopods, 
bryozoans and cup corals are also very 
abundant. Many of the mollusc frag- 
ments, as well as the algae and foramini- 
fers, have a worn look as though rolled 
about by wave action. The foraminifer 
Amphistegina is a large form which 
has a worn rolled look. It forms about 
one-third of the foraminiferal population 
by number but possibly two-thirds or 
more by weight. Asterigerina and Gypsina 
are also abundant as are Cibicides and 
Discorbis. 

In the western Gulf the sediments of 
the middle Shelf are silt and clay with 
minor amounts of fine sand. 

The limits of the mid-Shelf sediments 
in the western Gulf are indefinite, and 
the unit is identifiable principally be- 
cause it contains element of both inner 
and outer shelf facies. 

The outer Shelf in the western Gulf 
region extends outward to about forty- 
five or fifty fathoms depth. The fauna of 
foraminifers is more rich and_ varied 
than in any other depth zone. It is dis- 
tinguished by a great abundance of 
Cibicides and Anomaline, and by nu- 
merous abundant genera of Lagenidae. 
The seaward edge is in sharp contrast 
with the Buliminidae assemblage of the 
upper Slope. 


BATHYAL FACIES IN THE RECENT 


The break in slope between Shelf and 
Slope occurs at about 270 to 300 feet in 
the western Gulf region and there is a 
notable decrease in grain size of the silt 
and clay at about this depth. 

The faunal line of demarcation is by 
far the most prominent feature of the 
change that occurs between Shelf and 
Slope sediments. It is most prominent 
and most sharp in the neighborhood of 
the bird-foot Delta of the Mississippi 
River. In that area the fauna changes in 
the distance of less than a mile from a 
dominant Lagenidae assemblage to one 
composed of 80 per cent or more Uvigeri- 
na. The Uvigerina-dominant area occu- 
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pies a narrow band two or three miles 
wide. Seaward from that band the fauna 
is composed of the widely distributed 
upper slope assemblage of Bulimina, 
Bolivina, Uvigerina and Cassidulina. 

The fact that these faunal differentia- 
tions are so sharp in the vicinity of the 
Delta suggests that the change is related 
to turbidity, and possibly to the depth 
to which light penetrates the water. 

This suggestion finds support in the 
relationships in the eastern Gulf. In that 
clear-water area the contact of the outer 
neritic and inner bathyal faunal associa- 
tions is less sharp, but it is clearly ex- 
pressed nonetheless. It occurs at about 
the 75 fathom line as opposed to the 50 
fathom line in the turbid western Gulf. 

It is known that Cibicides, and many 
other genera, live attached to plants. 
Fifty to 75 fathoms is about the lower 
limit of light penetration and hence of 
plants. The faunal change that occurs 
between the bathyal and neritic zones 
could be due to the lower limit of plant 
growth. 


SIGSBEE DEEP 


The central basin of the Gulf, the so- 
called Sigsbee Deep, has an amazingly 
flat floor, especially when contrasted with 
the hummocky, basin pock-marked Con- 
tinental Slope. The Woods Hole Expedi- 
tion found well-bedded sand with some 
Continental-shelf foraminifers in the 
Sigsbee Deep. This suggests that turbid- 
ity currents have been active, and that 
they may account for the flat floor of 
the Sigsbee Deep. If we project the 
Continental Slope to the center of the 
Gulf, it appears possible that there may 
be several thousand feet of Recent and 
Pleistocene sands brought by density 
currents to the Sigsbee Deep. 


CONTINENTAL FACIES IN THE RECENT 
At the other end of the depth scale 


are the continental deposits adjacent to 
the northwestern Gulf. These include 
freshwater lake and cypress swamp, 
weakly brackish lake, strongly brackish 
lake and bay, and brackish marsh de- 


236 


posits. Each of these is characterized ‘by 
a particular bio- and litho-facies. 

The sediments of the fresh-water bog- 
lakes and swamps are high in plant re- 
mains and they contain abundant Cen- 
tropyxis and Difflugia. 

The weakly brackish lakes, with water 
from 100 to 1000 parts per million chlo- 
ride content are floored with blue mud, 
banks of clam shells and some sand. 
Ninety per cent or more of the foramini- 
fers are Ammobaculites. 

In the open, current-swept portions of 
brackish bays, the fauna varies with the 
salinity, and the bottom sediments are 
blue mud, sandy mud and sand with 
numerous oyster banks. The foraminifers 
are Ammobaculites spp. Rotalia beccarit 
var. tepida and Elphidium guntert var. 
galvestonensis. A\\ three species have a 
very wide range of variation, which cor- 
responds to the wide range of environ- 
mental conditions in these bays which 
are swept by daily tides, by occasional 
fresh water floods and by hurricanes. 
Maybe the bugs have to vary in order to 
meet the varying conditions—not indi- 
vidually, but specifically. When particu- 
\arly adverse conditions kill off all but 
One variant, that variant contains the 
potentiality of producing all the others 
when environmental pressures are re- 
moved. 

The current-swept portions of the 
marsh have bio- and litho-facies like 
those of the bays: blue mud with Am- 
mobaculites, Rotalia and Elphidium; but 
the stagnant pools are characterized by 
black plant muck, and a fauna of foramin- 
ifers that is 100 per cent different from 
that found in open marsh water. Domi- 
nant genera are chitino-arenaceous repre- 
sentatives of Haplophragmoides, Tro- 
chammina and Ammoastuta. A few inches 
below the surface the black muck ap- 
parently alters to a dirty blue-gray mud. 


SUMMARY OF BIOFACIES 


The greatest difference between the 
bio- and litho-facies in the eastern and 
western Gulf appears to be due to differ- 
ences in turbidity. 
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The greatest difference between shal- 
low and deeper marine faunas (out to 
and including the upper part of the 
Continental Slope) may be due to light 
penetration, hence plant growth, hence 
food. 

The pronounced difference between 
continental assemblages such as formed 
in fresh water, brackish water bays and 
brackish water marsh, appears to be due 
to water chemistry, particularly chlorinity 
and oxygen content. 


SEDIMENTARY TECTONICS 


There appears to have been rapid sub- 
sidence in the northwestern Gulf during 
most of the Tertiary—the rate of subsid- 
ence having been progressively greater 
from the marsh area out to the Conti- 
nental Slope. An excess of clastic sedi- 
ment kept pace with this subsidence 
during most of the Tertiary. There were 
short periods when decreased rate of sedi- 
mentation apparently resulted in tempo- 
rary victory for subsidence with resulting 
deposition of clear water sediments in 
transgressing seas. 

Variations in the degree of turbidity 
in the modern Gulf show that such 
changes in rate of sedimentation can be 
geographic as well as cyclical. 

Typical cyclical patterns appear to 
have been favorable to oil accumulation 
in Gulf Coast Tertiary. 

Other apparently valid generalizations 


are: 


(1) Fine grained sediments can be de- 


posited at or above wave base. 

The Continental Shelf is a plat- 
form which is built up by sedi- 
mentation—not a wave-cut bench. 
Sediments deposited in swamps or 
marsh may have tree roots and 
stumps in place, they may have 
channels scoured out, then filled 
with sand. They may have other 
generally accepted evidences of un- 
conformity and still be part of a 
thicker, more rapidly deposited 
unit than the succeeding trans- 
gressive marine series—which 


(2) 


(3) 
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transgresses only because of tem- 
porary or local decrease in the 
rate at which sediments are 
brought into the area. 

Local temperature variations ap- 
parently have little or no effect 
on the continental facies. Tem- 
perature may play a subordinate 


part in effecting the differentiation 
of neritic and bathyal faunas. 


APPLICATIONS 


The most immediate geological appli- 
cation of these facies data, of course, is in 
the field of environmental interpretation, 

The many ways in which facies inter- 
pretation is applied to exploration for 
oi) are well known. The subject is much 
too extensive for more than mention in 
this paper. A few of the more common 
fields of application are: 


(1) Stratigraphic correlation. 

(2) Distribution of cyclical units up 
and down the dip and along the 
strike. 


(3) Sedimentary tectonics, both re- 
gional and local. 


(4) Sedimentary record of regional and 
local structural history. 

(5) Distribution of oil sands in relation 
to depositional slope of a produc- 
ing formation. 

(6) Distribution of producing sands in 
relation to possible source beds. 

(7) Distribution of source beds. 


One aspect of stratigraphic correlation 
may be cited as an example. Some indi- 
vidual strata, rich in fossils, can be used 
locally as key beds, irrespective of the 
presence or absence of guide species. But 
the faunal aspect of such strata changes 
laterally along with other changes of 
facies, and this reduces their vatue as 
key beds. If the local faunules of such a 
stratum are plotted in terms of percent- 
age abundance of the constituent genera, 
it will be found that the lateral changes 
in fauna can be interpreted in terms of 
gradual change of depositional environ- 
ment. In this way the faunal changes can 
be used to strengthen, instead of weaken, 
the total stratigraphic analysis, and 
specifically the stratigraphic correlation. 
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REVIEWS 


An Introduction to the Study of Organic 
Limestones by J. Harlan Johnson. 
Colorado School of Mines Quarterly, 
vol. 46, no. 2, 185 pp., April 1951. 


This publication is a revision of an 
earlier one bearing the same title and by 
the same author. (Colorado School of 
Mines Quarterly, vol. 44, no. 4, Oct. 
1949.) The report necessarily involves 
considerable zoology and paleontology 
but this is balanced against such discus- 
sions of particular value to the sedimen- 
tary petrologist as structure, mineral 
composition and chemical composition of 
invertebrate hard parts and their con- 
tribution to the formation of limestones. 
Similar data are included on calcareous 
algae. A wealth of illustrations is pro- 
vided showing structural details of indi- 
vidual forms and of limestones containing 
them. The report is one which the sedi- 
mentary petrologist dealing with cal- 
careous rocks will find of much in- 
terest. 

The number of pages in the new edi- 
tion has been enlarged from 139 to 185, 
largely as a result of the increase in the 
number of illustrations from 61 to 104. 
Sections on ‘‘Worms and worm lime- 
stones” and ‘‘Arthropoda” have been 
added to the earlier sections on ‘‘For- 
aminifera,”’ ‘‘Porifera,”’ ‘‘Coelenterata,”’ 
“Echinoderma,” ‘“Bryozoa,’’ ‘‘Brachi- 
opoda,’”’ ‘‘Mollusca’”” and ‘‘Calcareous 
Algae.” Treatment of text material is 
generally similar to that in the earlier 
edition. 

J. E. LaMar 
Illinois State Geological Survey 
Urba aa, Illinois 


Chart Correlating Various Grain-Size 
Definitions of Sedimentary Materials 
compiled by Page E. Truesdell and 
David J. Varnes. United States De- 
partment of the Interior, Geological 
Survey, 1 p. 18X24 inches, 1950. 


The chart does not indicate preference 
of the Geological Survey for any one size 
classification over another, nor is it in- 
tended to perpetuate the use of classifica- 
tions based entirely on grain size if more 
useful classifications based on other fac- 
tors can be developed. It does call atten- 
tion, however, to the various classifica- 
tions that are in use, and furnish an easy 
means of correlation for engineers, geol- 
ogists and soil scientists who work with 
more than one classification. 

When the chart was first published (in 
February, 1951) it was announced only 
in the Geological Survey’s monthly list 
of publications, which goes to a compara- 
tively small mailing list. Since we feel 
that wider circulation should be of inter- 
est and value to the public; we have sent 
copies to a number of organizations. 
Copies can be obtained, at 10 cents each, 
or 8 cents each in lots of 100 or more, 
from the Chief of Map Distribution, 
Geological Survey, Washington 25, 
D. C., or from the Distribution Section, 
Geological Survey, Denver Federal Cen- 
ter, Denver, Colorado. 

(The statement presented above as a 
review, was taken from a letter to the 
Society by Mr. Eckel.—J. L. H.) 

EpwIn B. ECKEL, Chief 
Engineering Geology Branch 
U. S. Geological Survey 
Denver, Colorado 
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ANNOUNCEMENTS 


ANNUAL MEETING, SOCIETY OF 
ECONOMIC PALEONTOLOGISTS 
AND MINERALOGISTS 


Biltmore Hotel, Los Angeles 
March 24-27, 1952 


The annual meeting of the S.E.P.M. 
will be held at the Biltmore Hotel, Los 
Angeles, California, on March 24, 25, 26, 
and 27, 1952. As in previous years the 
meeting will be held jointly with the 
American Association of Petroleum Ge- 
ologists and the Society of Exploration 
Geophysicists. 

In addition to presidential addresses 
and joint sessions with the other two 
societies, there will be separate technical 
sessions, symposia, and a field trip. The 
annual S.E.P.M. symposium will be on 
“Objectives in Modern Sedimentology 
and Paleontology.”’ There will probably 
be another one on ‘Recent Marine 
Sedimentation.” The field trip will be to 
type localities of several well-known 
formations which have excellent micro- 
faunas. 

President Tom Philpott has appointed 
K. O. Emery, Geology Department, Uni- 
versity of Southern California, Los 
Angeles 7, California, to be program 
chairman for the S.E.P.M. Members 
planning to submit papers should notify 
the program chairman by Dec. 15 of the 
title and length of their papers. Ab- 
stracts, typewritten, double-spaced, and 
in duplicate, are due on or before Jan. 1. 


REPORT ON THE ESTABLISH- 
MENT OF AN INTERNATIONAL 
SEDIMENTOLOGICAL UNION 


As reported in the Journal (December 
1948 and April 1949) by Dr. Dana Rus- 
sell, a proposal for the creation of an 
International group of sedimentologists 
was put forward at an informal meeting 
of sedimentary petrologists in London 


on September 1, 1948. This proposal was 
discussed and finally adopted during 
the Third International Congress in 
Sedimentology held in Holland from 
July 5th to 12th, 1951. The following 
notes of the meeting were made by the 
Congress secretary, Dr. Tj. H. van 
Andel: 


A preliminary meeting of delegates! of 
all countries present at the Congress sub- 
mitted a proposal concerning the estab- 
lishment of a union to be entitled the 
International Union of Sedimentologists. 

The following points were discussed: 


1. Should the Union be a combined group of 
both sedimentologists and Quaternary ge- 
ologists or an independent union of sedi- 
mentologists? The meeting decided in favor 
of an independent Union that will keep in 
close touch with Quaternary geology. 

. It was proposed to use the term Associa- 
tion in place of Union as the latter term 
would imply that the organization would be 
sponsored by Unesco. The meeting decided 
in favor of the term Union. 

. It was decided that a preliminary com- 
mittee would be appointed and that this 
preliminary committee would prepare a 
constitution and laws for proposal at a 
meeting to be held at the Geological Con- 
gress in Algiers in 1952. It was further 
proposed and accepted that the prelim- 
inary committee also consider the question 
of federalized or centralized organization. 

. It was proposed that a delegate be ap- 
pointed from each country and the meeting 
decided that as Belgium had priority in the 
initial organization of a Congress, Profes- 
sor Tavernier would join the temporary 
committee as representative of Belgium. 

. The Committee (listed below) as proposed 
to the meeting was elected after withdrawal 
of Mr. Shearman in favor of Dr. P. Allen 
as representative of the United Kingdom. 


1 Eighty-eight delegates were present rep- 
resenting ten countries. 
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The complete resolutions accepted run 
as follows: 


a. An International Union of Sedimentolo- 
gists has been established at this Congress. 

b. A preliminary Committee has been elected 
in order to prepare for proposal a constitu- 
tion and laws for this Union. 

c. The Union will promote biannual Con- 
gresses, 

d. In the first year a membership fee of one 
dollar will be asked from each member to 
cover this period. 

e. Once each four years a series of reviews on 
the progress of sedimentology in different 
countries, including a list of references, will 
be published for the use of Members. 

f. At the Geological Congress at Algiers a 
meeting of the members will adopt a con- 
stitution and elect a board. 


The preliminary committee consists of: 


President: Mr. Doeglas Netherlands 
Secretary: Mr. Vatan France 
Mr. Allen United Kingdom 
Mr. Correns Germany 
Mr. Griffiths United States of 
America 
Mr. Hansen Denmark 


Mr. Tavernier Belgium 


It was informally suggested that the 
Journal would be the most practical me- 
dium for communications concerning the 
International Union of Sedimentologists. 

This report would not be complete 
without reference to the International 
Congress of Sedimentologists. This series 
of meetings commenced in Belgium with 
“La Geologie des terrains Recents dans 
l'Ouest de |’Europe,”’ Session Extraor- 
dinaire des Societes Belges de Geologie 
in September 1946; the second meeting 
took place in France, ‘‘Congres, Sedi- 
mentation et Geologie du Quaternaire,”’ 
1949 and the Third International Con- 
gress of Sedimentology was held in Hol- 
land in July 1951. 

The Netherlands Congress comprised 
five days of field excursions covering 
areas from Groningen in the north to 
Dordrecht in the south with two days of 
papers and discussions at the Agricul- 
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tural University of Wageningen. The 
proceedings were available in print be- 
fore the meetings leading to many inter- 
esting discussions following presentation 
of the papers. The excursions dealt with 
Quaternary sedimentation in the Nether- 
lands and the detailed mapping of thin 
zones was something of a revelation; per- 
haps the most interesting feature was the 
excursion to the ‘‘polders” where a shal- 
low marine sedimentational environment 
has been drained and studied during 
reclamation of the land. It is rare indeed 
for a sedimentologist to have the oppor- 
tunity of seeing an environment in opera- 
tion and then to study the deposits actu- 
ally formed in this environment. The 
Dutch sedimentologists have taken full 
advantage of this unique opportunity. 
This eminently successful and inter- 
esting Congress closed with an invitation 
by Mr. K. Hansen, on behalf of Mr. N. 
Neilsen, for the Union to hold its Fourth 
Congress in Denmark in 1954 at the 
Shalling Laboratory at Esbjerg which 
the assembled members accepted with 
enthusiastic thanks to Denmark. 
J. C. GriFFITHs 
Department of Earth Sciences 
The Pennsylvania State College 
State College, Pennsylvania 


M. THEODORE KEARNEY 
FOUNDATION OF 
SOIL SCIENCE 


The University of California an- 
nounced on October 19, 1951, the estab- 
lishment in the College of Agriculture of 
the M. Theodore Kearney Foundation of 
Soil Science. The new foundation will be 
endowed with the proceeds of the bequest 
of Mr. Kearney, prominent rancher in 
the Fresno area in the latter part of the 
last century, who died in 1906, leaving to 
the University his estate which included 
the famous Kearney Vineyard in Fresno 
County. The endowment now amounts 
to $2,268,000. 

The foundation will be devoted to the 
advancement of knowledge of soil science 
including  soil-water-plant relations, 


| 
“ 


ANNOUNCEMENTS 


through basic physical, chemical, bio- 
logical, and hydrological research, with 
particular reference to arid and semi- 
arid farming regions. It will also be de- 
signed to strengthen the services of the 
University in the education and training 
of soil scientists and teachers of soil 
science and closely related subjects, to 
the end that the farmers of California 
may be better advised as to the growing 
of plants which will yield a fair return to 
producers and maximum satisfaction to 
consumers. 

The current College of Agriculture soil 
program, which gradually will be 
strengthened and expanded by the foun- 
dation, includes research on the physical 
behavior of soils, their structural ar- 
rangement, the alteration they experi- 
ence when worked, their infiltration by 
downward moving water and the laws 
governing such infiltration. The soil 
chemistry problems of alkali soils and 
their cropping methods are being studied 
both in the field and the laboratory, look- 
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ing toward permanent reclamation and 
agricultural use for such soils. Other 
studies include the behavior of important 
chemical ions and their uptake by plants, 
seeking further information of problems 
connected with fertility; direct fertility 
studies in relation to soil types; the 
palatability and nutritive value to live- 
stock of forage crops produced on soils of 
different fertility levels; the clay minerals 
of the soil and the part they play in soil 
chemistry and physics; and soil surveys 
and land classifications of the agricul- 
tural, grass, and forested areas of Cali- 
fornia. 

The Kearney Foundation will be ad- 
ministered by a director within the pres- 
ent framework of the University of Cali- 
fornia College of Agriculture. Eventually 
additional outstanding scientists will be 
added to round out a well-balanced staff 
and program of soil investigations. 

College of Agriculture 
University of California 
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